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ABSTRACT 
It is anticipated that resources from extra-heavy oils and bitumen may resolve the expected 
future escalation in oil demand. Such oils are usually recovered by thermal methods, however 
these can be energy intensive, especially for reservoirs with thin net-pay or those bounded 
with large aquifers or gas caps. This is primarily due to excessive heat losses. On the other 
hand, VAPour EXtraction of heavy oil (VAPEX) is a more energy-efficient, economically 
attractive and pollution-free alternative, especially for these problematic scenarios.  
Despite all the potential benefits of this process, there are many uncertainties associated 
with the actual physics of the process. The question as to whether the oil drainage rates are 
sufficient for the mechanism to be economically feasible for field scale application remains 
unanswered. Prediction of field scale recovery factors by numerical simulation is challenging 
since a very fine grid is needed to ensure that the physical diffusion dominates the numerical 
diffusion and then to model the subsequent gravity drainage. Thus, there is a tendency to rely 
upon the Butler-Mokrys (1989) analytical equation to estimate oil rates. A further uncertainty 
in field scale application, which has only been investigated in a few studies, is the impact of 
geological heterogeneity on the process, since this can influence the solvent-oil dispersive 
mixing as well as the shape of the solvent chamber. 
This research first investigated the oil drainage rates with VAPEX by performing a series 
of laboratory experiments in both homogenous and heterogeneous systems (including layered 
and single discontinuous shales). All experiments were performed in well-characterized glass 
bead packs using glycerol and ethanol as analogues of heavy oil and solvent, respectively. 
The porous medium and fluid properties were measured independently. The experimentally 
measured rates were compared to the estimates derived from the Butler-Mokrys (1989) 
analytical model. In addition, numerical simulations were performed to validate whether the 
physical diffusion boundaries were captured correctly. Our experiments revealed that the 
Butler-Mokrys analytical model substantially underestimated the drainage rates in all cases, 
even when the effects of convective dispersion and end-point density difference were factored 
in. Results from the heterogeneous models further suggested that layering may not reduce 
VAPEX oil drainage rates significantly. The performance in systems with layers and 
discontinuous shale barriers, however, was less than in homogenous models with higher or 
equivalent permeabilities. The numerical simulations, therefore, under-predicted the physical 
oil drainage rates, although the pattern of solvent-oil distribution was correctly captured. 
The research was then extended from lab-scale experiments to field-scale numerical 
investigations, using a fine grid, high resolution model with realistic petro-physical 
properties. The solvent–oil PVT were based on real field properties. Three key criteria were 
examined: the oil production rates and the recovery factors that it is possible to achieve; the 
full range of static parameters influencing VAPEX, and; identification of the most sensitive 
parameters (i.e. reservoir thickness (h), vertical permeability (kv/kh) and average arithmetic 
permeability). In addition, we compared the performance of VAPEX against Steam Assisted 
Gravity Drainage (SAGD). These, field scale numerical simulations revealed that VAPEX oil 
extraction rates incorporating diffusional mixing alone were insufficient for the mechanism to 
be feasible. Although incorporating single-well tracer test (SWTT) dispersivities into the 
numerical simulations significantly improved the recovery rates, they still remained 
unacceptably low. 
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NOMENCLATURE 
r=radial distance from the centre of capillary tube [L, m] A=area [L2, m2] 
re=effective radius [L, m] Adiff=area available for diffusion [L
2, m2] 
 Cmax=maximum limit of solvent concentration [fraction]  
rw=wellbore radius [L, m] Cmin =lower limit of solvent concentration [fraction] 
S= fluid saturation [fraction] CS=solvent concentration [fraction] 
Sor=residual oil saturation [fraction] Da=apparent molecular diffusion coefficient [L
2/T, m2/s] 
SOR=Solvent/Steam Oil Ratio [fraction] dCs/d =concentration gradient for solvent within diffusion layer [L-1, 
m-1] 
t=time [T, s] Deff=effective molecular diffusion [L
2/T, m2/s] 
Tc=critical temperature [
◦C] DL, num=numerical dispersion in the longitudinal direction [L
2/T, m2/s] 
TR=reservoir temperature [
◦C] Dm=effective molecular diffusion [L
2/T, m2/s] 
u=convective fluid velocity in diffusion cell [L/T, m/s] Do=Intrinsic molecular diffusion [L
2/T,  m2/s] 
U=error function parameter in Brigham's dispersion equation  Dp=average particle diameter [L, m] 
U=solvent/Bitumen interface velocity [L/T, m/s] DT, num=numerical dispersion in the transverse direction [L
2/T, m2/s] 
uT=mean velocity at a distance (z) from the centre of pipe in Taylor‘s 
equation [L/T, m/s] 
F=formation electrical resistivity/formation factor [fraction]  
uo=the maximum velocity at the centre of the pipe [L/T, m/s] g=acceleration due to gravity [L/T
2, m/s2] 
v=pore or interstitial velocity [L/T, m/s] h=reservoir drainage height [L, m] 
vx=velocity trajectory in the x-direction [L/T, m/s] J=diffusion flux [L/T, m/s] 
vx=velocity trajectory in the y-direction [L/T, m/s] K=absolute permeability [L
2, m2] 
Vbulk=bulk volume of the pack [L
3] KL=longitudinal dispersion [L
2/T, m2/s] 
Vpore=pore volume of the model [L
3] KT=transverse dispersion [L
2/T, m2/s] 
w=internal thickness of the pack [L, m] Ktotal=total effective dispersion [L
2/T, m2/s] 
x=distance in x-direction [L, m] kv/kh=vertical to horizontal permeability [fraction, m
2/m2] 
x10=distance from the initial interface and a contour of 10% 
concentration [L, m] 
kx=x-direction permeability [L
2, m2] 
x90=distance from the initial interface and a contour of 90% 
concentration [L, m] 
ky=y-direction permeability [L
2, m2] 
xi=component mole fraction [fraction] kz=z-direction permeability [L
2, m2] 
α=multiplier controlling the dependency of β on viscosity ratio 
[fraction] 
L=distance from the inlet/length of porous media [L, m] 
h=thickness of the diluted oil layer [L, m] m=cementation exponent in Archie's equation [fraction] 
  =oil density [M/L
3, kg/m3] m=gradient of the flow rates versus pressure line [L3/T / M/L.T2] 
  =solvent density [M/L
3, kg/m3] M=mobility ratio [fraction] 
  =time step [T, s] MW=molecular weight [M, g/mol] 
  = thickness normalized flowing surface area in x-direction [L, m] n=exponent of dependency on drainage height [fraction] 
  =density difference between pure solvent and mixture with 
concentration [M/L3, kg/m3] 
Ng/v=gravity to viscous forces [fraction] 
µ=mixture viscosity [M/L.T2, N.s.m-2]  Ns= VAPEX dimensionless number [fraction] 
µref=reference fluid viscosity/fluid being displaced [M/L.T
2, N.s.m-2] P=pressure [M.L/T2, kg.m/s2] 
µi=component viscosity [M/L.T
2, N.s.m-2] P0=reference pressure [M/L.T
2, kg.m/s2] 
 =porosity [fraction] Pc=capillary pressure [M/L.T
2, kg.m/s2] 
 Pe= Péclet number [fraction, L/T.L/L2/T] 
 PR=reservoir pressure [M.L/T
2, kg.m/s2] 
 PV=pore volume [L3, m3] 
 Q =flow rate [L
3/T, m3/s] 
 q=stabilised oil rate per unit of thickness [L2/T, m2/s] 
 Qstabilised =stabilised oil rate [L
3/T, m3/s] 
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Chapter 1  
Introduction 
While the concept of heavy oil extraction by miscible, gaseous solvents has been known for a 
relatively long time (Allen et al. 1974), VAPour EXtraction of heavy oil (VAPEX) utilising light 
fractions of Liquefied Petroleum Gases (LPGs) has attracted particular attention in the last two decades 
and has been found to be very promising technically. This process was introduced by Butler and 
Mokrys 1989, as an analogue of Steam Assisted Gravity Drainage (SAGD), with the solvent being 
injected at a pressure close to that of the reservoir pressure in the upper well while oil, diluted by mass 
diffusion, is subsequently drained by gravity to the producer, placed right below the injector, from the 
thin interface (the so-called diffusion layer) between the boundaries of the heavy oil and the solvent 
(Fig ‎1.1).  
Propane and butane are considered the most common vaporised solvents applied in the process, due 
to their satisfactory solubility and diffusivity into heavy oils and bitumen (Das 1995; Das and Butler 
1998). However, for reservoirs with pressure higher than the dew point of these solvents, the injection 
of pure solvents may lead to solvent condensation in reservoir (which may slow the diffusion rate and 
reduce the gravity drive) dropping the efficiency of the process. It is therefore critical to maintain a 
vaporised phase of the solvent in reservoir conditions in order to reduce the amount of solvent required 
and maximise the solubility (Das and Butler 1998 and Butler and Mokrys 1993a). The solvents are 
therefore injected at pressures close to their dew point pressure, or sometimes co-injected with other 
gases under high pressure (e.g. carbon dioxide, nitrogen, oxygen), depending upon the reservoir 
pressure with respect to the solvent‘s dew point. A further issue is which solvent to use. Butler and 
Mokrys 1993a explored this by testing the performance of VAPEX utilizing propane over a wide range 
of pressures at room temperature, the maximum production rates were shown to be achieved at 
pressures close to the solvent‘s vapour pressure. Moreover, Das and Butler 1998 and others, have 
suggested that, in their experiments, more solvent hold-up was observed in experiments with butane 
compared to experiments carried out with propane, with this subsequently causing more asphaltene 
participation. Indeed, the oil rates using propane as a solvent were 2.5 times higher than the rates 
observed in experiments with butane. Similar conclusions were drawn from an experimental study 
performed in Hele-Shaw cells by Kok et al. 2009, where the performance of VAPEX using propane 
outperformed the performance using butane. 
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Fig ‎1.1. A 2D schematic cross-section representing the VAPEX process (modified after Karmaker and Maini 
2003). 
In theory, there are four main phases which can be distinguished in the process (which are very 
similar to the SAGD process). As described in Fig ‎1.2, the first phase is establishing communication 
between the wells and enabling solvent injectivity. This can be achieved by circulating either steam 
alone or steam with solvent to reduce the viscosity near the wellbore region. The second phase is the 
vertical encroachment of the solvent to the top of the reservoir, which is known as ―rising chamber 
phase‖, the solvent chosen is injected only through the upper well (injector) at a pressure that is close to 
the reservoir pressure. During this phase, the solvent rises upwards (up to the cap rock of the pay zone) 
due to the high density and viscosity contrast between the heavy oil and solvent as well as the low 
injection pressure. During this phase, the reduced oil viscosity from the thin diffusive layer is drained 
by gravity to the producer. The oil rates are expected to increase continuously as the solvent grows to 
the full extent of the upper-boundary of the reservoir, where the peak in oil rates is observed. There 
then follows the solvent ―chamber spreading phase‖ where the solvent continuously spreads crosswise 
to the lateral boundaries of the reservoir. The oil drainage rates stabilise, since the gravity head remains 
uniform during this period, although it has been observed from laboratory experiments that the 
obtained oil drainages during the process is 2-3 times lower than the oil rates during the preceding 
phase. This phase is consider to be crucial since it covers nearly ~80-90% of the total production time 
of the process (Oduntan 2001). The final phase of the process occurs once the solvent chamber reaches 
the boundaries of the reservoir and then begins to fall, extracting the reservoir vertically. The oil 
drainage rates consequently decline during this phase, and the Solvent to Oil Ratios (SOR) increase 
significantly –which may suggest termination of the development due to the uneconomical recoveries 
obtained during this phase. 
 
Fig ‎1.2. Schematic of the different solvent chamber spreading phases during the process of VAPEX; a) injector 
and producer wells configuration; b) communication phase; c) vertical encroachment of the vapour chamber; d) 
vapour lateral (sideways) spreading chamber; e) beginning of vapour chamber falling phase; f) vapour chamber 
falling phase (depletion of the reservoir). 
Compared to thermal Enhanced Oil Recoveries (EORs), the VAPEX process is considered to be 
more energy efficient (0.5 tonnes of solvent per tonne of produced oil compared to 3 tonnes of steam 
a) b) c)
d) e) f)
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per tonne of produced oil), pollution-free, and with the potential to lead to in-situ upgrading of the oil 
(Butler and Mokrys 1993a; Das 1998). Furthermore, VAPEX is anticipated to be more cost effective 
(Das 1998; Talbi and Maini 2008) since it avoids the significant capital costs inherent in SAGD, such 
as steam generation, water recycling and treatment as well as the surface facilities of the steam plant. 
The economics of VAPEX, however, are highly sensitive to the cost of the injected solvent. Although 
this dependency can be moderated to some extent by reducing the amount of solvent required, either by 
co-injection with other less expensive high pressure gases or by recycling the solvent, these approaches 
can only be economically viable if oil recovery rates remain acceptable. 
Moreover, a range of laboratory studies have suggested that VAPEX has the potential to overcome 
the scenarios considered to be problematic in thermal EORs, mainly due to excessive heat loss, e.g. 
very deep reservoirs with high initial reservoir temperature, reservoirs bounded by gas caps or water 
influx, or those with thin pay zones (Das 1998; Das and Butler 1998; Nghiem et al. 2001; Frauenfeld et 
al. 2006). 
1.1 The process of VAPEX:  
The utilization of solvent in the reservoir, to enhance heavy oil recovery was first introduced by 
Allen 1974, who suggested the injection of either propane or butane in cycles in the context of 
experiments with Athabasca tar sand. Moreover, Allen 1976, investigated the co-injection of liquid 
solvent in a solvent gas at reservoir conditions so as to prevent the formation of an immobile bitumen 
zone (asphaltene). Nenniger 1979, patented an idea to enhance the recovery of oil sand by the injection 
of vapour solvents at pressures close to their saturation pressure and at temperatures less than the 
critical temperature. Later, Redford and Hanna 1981, in a different patent, observed the beneficial 
effects of the concurrent injection of steam, gas (carbon dioxide, oxygen or ethane) and a hydrocarbon 
solvent into a heavy oil reservoir; although it was observed in the study that the advantages of gas 
injection would not be evident unless the gas concentration exceeded the critical saturation.  
It was Butler and Mokrys 1989, however, who were the first to introduce VAPEX (Vapour 
EXtraction of heavy oil), as an analogue of Steam Assisted Gravity Drainage (SAGD), to recover 
heavy oil and bitumen. Based on their Hele-Shaw experiments they described that the solvent leaching 
process (VAPEX) behaves similarly to the steam in SAGD. Accordingly, it was perceived that heavy 
oil dilution by solvent with mass diffusion alone (i.e. since it was supposed that convective dispersion 
was not involved) is very similar to that by heat conduction in SAGD (Butler et al. 1981; Butler and 
Stephens 1981and Butler 1994). Moreover, also similar to SAGD, a pair of long horizontal wells (to 
maximize the efficiency of the process) is drilled parallel to each other, through which the solvent, 
consisting of light hydrocarbons (typically ethane, propane, butane or mixtures of these) is injected into 
the upper well. Then, with reduced viscosity, the oil at the thin interface between the solvent chamber 
and the heavy oil (the ―diffusive boundary‘‘) is mobilised by a process of diffusion and is subsequently 
drained by gravity to the producer, located near the bottom of the reservoir and below the injector (as 
shown in the schematic in below). Similar to SAGD, establishing this communication between the 
wells can be accelerated by circulation into the two wells of either steam, or steam with a fraction of 
solvent, before the injection of the solvent in the upper well. 
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Fig ‎1.3. Vertical cross-section of a heavy oil reservoir illustrating the process of VAPEX. Solvent dissolves in the 
heavy oil at the interface by diffusion and dispersion, the reduced viscosity oil is subsequently drained to the producer 
underneath it, by gravity (after Karmaker and Maini 2003). 
Das 1998 listed the mechanisms that possibly contribute to VAPEX as: a) diffusion and convective 
dispersion; b) phase behaviour mechanisms, including the solubility of the solvent in oil, oil-swelling 
and viscosity reduction; c) gravity driven drainage owing to the considerable density difference 
between the solvent and the heavy oil and the very low injection pressures; d) capillary forces for sub-
miscible fluid systems introducing additional mixing between the solvent and oil; e) asphaltene 
precipitation. Moreover, studies have indicated that operational aspects including the solvent injection 
pressure, well configuration and spacing, and the composition of solvent, are the key factors for 
designing a successful and economical VAPEX system (e.g. Butler and Jiang 2000).  
The subsequent sections in this chapter will provide an overview of the mechanism and an 
assessment of its historical development. In the subsequent subsection, the original analytical 
derivation will be thoroughly discussed. 
1.2 The main uncertainties of the process: 
Despite the promising potential of the process there are still various uncertainties regarding its 
efficiency that need to be resolved before full field scale implementation.  
i. The main uncertainty limiting the field application of this process is the oil drainage rate.  
Molecular diffusion is approximately 10,000 times slower than heat diffusion in reducing the oil 
viscosity so it seems likely that oil drainage rates would be consequently much lower. It is however 
very difficult to perform accurate numerical simulations of the process due to the levels of grid 
refinement needed to resolve the diffusion and drainage processes occurring at the solvent-oil 
interface. Moreover, the analytically predicted stabilised oil rates, based on Butler and Mokrys‘s 
(1989) semi-analytical equation, are still questionable and have been reported by many researchers to 
underestimate the rates measured in homogeneous, laboratory experiments in porous media (Dunn et 
al. 1989; Lim et al. 1996; Das 1995; Jiang and Butler 1996; Jiang 1997; Das and Butler 
1998; Boustani and Maini 2001; Etminan et al. 2001; Karmaker and Maini 2003; Yazdani and Maini 
2005, 2006, 2009, Kapadia et al. 2006; Cuthiell et al. 2006; Tam 2007; Moghadam et al. 2009; 
Rezaei and Chatzis 2011; Alkindi et al. 2008b, 2008c, 2009, 2010, 2011, Ahmadloo et al. 2011, 2013, 
2014; Abukhalifeh et al. 2011; Cuthiell 2006, Cuthiell and Edmunds 2013).  
ii. There have only been two reported VAPEX field scale trials.  
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One was conducted in August 2002 in northwest Alberta near Fort McMurray, which was operated 
by the Calgary-based EnCana Company (Black 2003); and the second was conducted by Baytex 
Energy in October 2001 in the Soda Lake located in western Saskatchewan (Baytex Energy Ltd. 
2005). Of these, the oil recovery rates for the trial performed by Encana in Fort McMurray have not 
been disclosed, although it was reported the expected rates were being achieved. The reported results 
for the second pilot project operated by Baytex in Soda Lake were not encouraging, however, since 
the production rates were ten times lower than analytical estimations. 
iii. A further uncertainty in field scale application is the impact of geological heterogeneity.  
Small (mm to cm) scale heterogeneities may be expected to increase dispersive mixing and thus oil 
drainage rates. Larger scale heterogeneities (greater than 10m) may alter the shape of the solvent 
chamber and thus either improve or, more likely, reduce oil drainage rates, depending on the nature 
of the heterogeneity. Most extra-heavy oil reservoirs worldwide exhibit considerable geological 
heterogeneity at different scales (bearing in mind the additional fluid heterogeneities which are 
beyond the scope of this study). In commercial SAGD projects, reservoir geological features and 
associated petro-physical properties are the main influences on successful heavy oil extraction 
(Jimenez 2008). For instance, the McMurray Formation, within the Athabasca oil sand deposit in 
Canada, is considered to be one of the most complicated extra-heavy oil (more than 10
6
 m.Pa.s) and 
low gravity (4-8  API) geological deposits. It is made up of a continental sequence of unconsolidated 
sands and shales overlaying an unconformity surface of Devonian limestone. The Lower McMurray 
zone is a fluvial dominated succession consisting of highly braided channels and sand bars of clean 
blocky sands associated with intraclast mudstone breccias. Whereas the Upper McMurray zone is 
highly channelized mixed fluvial-tidal estuarine. The scale and style of these channels varies wildly 
so that lateral continuity between wells is almost impossible (even for short distances of <50 m). The 
channel sands in this unit grade upwards into inclined heterolithic stratified units of rippled 
sandstones and are heavily burrowed with silty mudstone and clays. This zone is very fine grained 
and argillaceous with often very low vertical permeability as a result of the widely dispersed shale 
lenses formed from clays and low permeability siltstones (Redford 1987; Badiozamani et al. 1992).  
As noted earlier, various experimental and numerical investigations have been performed in packed 
models to understand the physical aspects associated with the VAPEX process and to justify the 
discrepancies between the physically measured oil rates and those estimated from the Butler and 
Mokrys equation. Researchers have investigated different attributes that may not have been captured 
correctly in the original analytical derivation and these are listed in Table ‎1.1. 
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Table ‎1.1. Different contributions in understanding the physical aspects of VAPEX, with justifications for the 
discrepancies between the experimental and the analytical work: 
Authors of 
published work 
Discrepancy 
between  physical 
and analytical oil 
rates (Q physical/Q 
analytical) 
 
Proposed physical mechanism 
 
Dunn et al. 1989 10-460! 
It was pointed out that dispersion might influence the mass transfer, but still the discrepancies between the 
experiments and the analytical model remained tremendously high even after incorporating the effect of 
convective dispersion. 
Das 1995, 1998 6 to 9 
Enhancement of the mass transfer rate in the transition zone due to an improvement in the interfacial contact area 
that results in a higher rate of solvent diffusivity with bitumen. 
Lim et al. 1996 10 to 100 Higher effective diffusion values in porous media compared to liquid diffusion values.  
Das and Butler 
1998 
10 Improvement in the interfacial and the counter-current flow causing capillary imbibition and surface renewal. 
Nghiem et al. 
2001 
10 
Amplification of the dispersivities in the simulations by up to 2 to 3 orders of magnitude without relating to the 
Peclet numbers. 
Boustani and 
Maini, 2001 
2 to 7 
Convective dispersion appeared to reduce the discrepancy between the experimental and the analytical 
estimations. 
Oduntan et al. 
2001 
10-100 
Arbitrarily increased the dispersion values of the simulations by up to 2 to 3 orders of magnitude to match with 
the experimental rates. 
Karmaker and 
Maini, 2003 
— 
More dependency on drainage height and they proposed a new technique to estimate the dispersion from the MRI 
tool.  
Yazdani and 
Maini 
, 2005-2009 
— Proposed a higher dependency on drainage height (i.e. linear instead of the square root functionality). 
Kapadia 2006 100-316! 
4 to 5 orders of magnitude higher dispersion values were used to history match the experimental VAPEX oil 
rates. 
Cuthil 2006-
2012 
 Capillary forces effects on saturation between the solvent and oil in the transition zone. 
Alkindi 2008b-
2011 
1.2 to 1.5 Convective dispersion and possibility of the involvement of other mechanisms.  
Moghadam et al. 
2009 
— More dependency on drainage height. 
Abukhalifeh et 
al. 2011 
10 
Dispersion values were measured for different heights of cylindrical pressure vessel and it was concluded that 
dispersion increases with model height. 
Ahmadloo et al. 
2011 
— 
More dependency on drainage height and proposed the significance of capillary forces, especially in low 
permeability porous media. 
Zainee et al. 
2011 
0.8-1 
Proposed an improved new formulation of the process by applying the end-point solvent-oil difference instead of 
a concentration-dependent density difference (Δρsm) . 
Despite all of the efforts made to validate the existing analytical Butler and Mokrys derivation, and 
attempts to provide explanations of mechanisms for further enhancements in oil drainage rates for 
porous media, the fundamental issue of whether the oil drainage rates are sufficient for the mechanism 
to be economically feasible for field scale application has never been raised and remains unanswered. 
1.3 Theory of the process: 
VAPEX was introduced by Butler and Mokrys (1989) as an alternative technique for the recovery 
of heavy oil and bitumen. A similarity was observed between the two gravity drainage mechanisms, in 
that molecular diffusion dilutes the heavy oil in VAPEX in a similar manner to the reduction of heavy 
oil by heat conduction in SAGD. Furthermore, in both processes, the diluted oil from the thin interface 
between the vapour/steam and oil, flows within the diffusional boundary and drains to the producer. 
The process was later improved by replacing the liquid solvent with lighter vaporised solvents so as to 
increase the density difference and the subsequent oil recovery rates (Butler and Mokrys 1991, 1993, 
1994). 
A mathematical model was established by Butler and Mokrys (1989) based on experiments 
performed on Hele-Shaw models. This analytical derivation predicts the 2D stabilised oil rates per unit 
of thickness, (Eq. 1.1). The formulation assumes a steady-state mass diffusion, -  
   
  
     , and a 
steady-state pressure gradient in the direction within the diffusion layer. Moreover, it was assumed that 
the only mechanism acting to reduce the oil viscosity in the 2-phase region between solvent-oil is 
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strictly the molecular diffusion. The full derivation, along with the full list of assumptions and a 
schematic describing the process are given in Chapter 2. 
  √                   
…………………………………………………………………………(1.1) 
where Keff is permeability, g is the acceleration due to gravity, h is the reservoir thickness,  is the 
porosity and So is the initial mobile oil saturation. The constant Ns (Eq. 1.2) is a dimensionless 
number that comprises all the fluid physical properties controlling the reduction in oil viscosity. It was 
proved to remain constant under the same experimental conditions.  
   ∫
  (    )  
   
    
    
     .…………………………………...…………………………………(1.2) 
where  is the density difference between the diluted oil-solvent mixture and vapour, Dm is the 
molecular diffusion coefficient between the vapour and the oil, Cs is the concentration of the solvent, 
(Cs) is the viscosity of the solvent-oil mixture, Cmaxis the maximum solvent concentration at the 
outermost boundary of the diffusional layer, and Cmin is the minimum solvent concentration at the 
innermost boundary of the diffusional layer. 
As detailed earlier, however, although Eq. 1.1 was able correctly to predict the physically measured 
oil rates from the Hele-Shaw experiments of Butler-Mokrys (1989), it has been found to underestimate 
the oil drainage rates for sand packed model experiments. Many studies have reported deficiencies in 
the Butler-Mokrys analytical derivation and have proposed different approaches to improve the 
existing formulation so that it might properly capture the physical mechanisms encountered in actual 
porous media (these are listed in Table ‎1.1).  
Various studies have related an increase in mass transfer to the improvement of the interfacial 
contact area in the porous media and have explained this by the contribution of counter current flow 
and capillary imbibition (Das 1995; Das and Butler 1995,1998, Das 1998). To reduce the discrepancies 
between the physically measured rates and the analytically estimated rates, Das and Butler (1998) 
proposed replacing the diffusion coefficient with the apparent diffusivity coefficient, where Da= D 
 
 
and ‗m‘ is the cementation factor, which is related to the consolidation of the porous media properties. 
Similarly, years back, Perkins and Johnston (1963) indicated that the relation is rather, Da=D/F , 
where ‗F’ is the formation factor (Archie 1942), F     .  
Other studies have arbitrarily increased the diffusion coefficients by several orders of magnitude to 
match the physically achieved rates (Dunn et al. 1989; Lim et al. 1996; Nghiem et al. 2001; Oduntan et 
al. 2001). The most credible deficiency in the Butler-Mokrys derivation, based on numerous studies, 
however, is the role of mechanical dispersion in enhancing the mass transfer in porous media, which 
was ignored in the original formulation (Alkindi et al. 2008b, 2008c, 2009, 2010, 2011, Yazdani and 
Maini 2009; Boustani and Maini 2001). 
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Alternatively, a number of studies (Karmaker and Maini 2003, Yazdani 2007, Yazdani and Maini 
2005, 2006, 2007, 2009a, b, Ahmadloo et al. 2011) have suggested that the stabilised oil drainage rates 
have a higher dependency on reservoir drainage heights (h), i.e.:  
  √                   
  
….…………………………………………………..…………………(1.3) 
where m= 1.12-1.13 rather than the square root dependence proposed by Butler-Mokrys (equation 1.1). 
For a reservoir thickness of nearly 20 m, this implies a nearly 83% improvement in oil rates, assuming 
m=1.1, and nearly 40%, assuming m=0.67 height dependency. Yet other studies have proposed that 
capillary pressure may be a further factor increasing oil rates (Cuthiell et al. 2003, 2006, Cuthiell and 
Edmunds 2013; Ahmadloo et al. 2011, 2014).  
1.4 Heterogeneities in heavy and extra-heavy oils and bitumen deposits:  
Oils and bitumen are generally categorized into four main categories based on the downhole 
viscosity and density (API, American Petroleum Institute) (Meyer et al. 2003, 2007). The heavier the 
oil, the higher the percentage of the asphaltic fraction that comprises high molecular weight 
hydrocarbons, in addition to substitutions in the heteroatoms such as nitrogen, sulphur, oxygen (non-
metal), nickel, vanadium, iron and nickel (metals) (Yen 1984). Based on Tissot and Welte‘s 1978 
scheme of classification of heavy oils and chemical composition (based on at least 600 different oils), 
crude oils in Canada can be mostly classified to be aromatic-asphaltics and aromatic-naphthenics 
(Meyer et al. 2007).  
There are many hypotheses on how these oils originated, and the conditions which they undergo in 
the reservoir. One of these theories suggests that the oil may possibly be expelled from the source rock 
as immature oil under minimum secondary migration, however this does not appear to be often the case 
(Larter et al. 2006). Generally, it is proposed that the expelled light or medium oil from the source 
rock, to the trap, undergoes an oxidation process (i.e. in aerobic conditions), as well as water washing, 
bacterial degradation and evaporation. Consequently, the oil loses the lower molecular weight 
paraffinic and naphthenic fractions. In a third hypothesis, it is suggested that the biodegradation is 
anaerobic, and takes place at sufficiently high depths, close to the water leg, where the temperatures are 
kept lower than 176 F (Head et al. 2003). The second proposition is the most likely, i.e. that these oils 
were formed by biodegradation at depths shallower than 4000 m, under temperature range 80-90 ˚C 
and in which oxidation processes cause a residual heavy oil (non-volatile fluid) with high density and 
viscosity. 
In the most common classifications
1, any oil with an API greater than 25 and a downhole oil 
viscosity which is less than 10 cP, is considered as conventional (light oil). Whilst for higher gravity 
oils with an API less than 25 (18  <API< 25  ), and viscosities ranging between 10 and 100 cP, where 
the oil is still mobile, the oil is categorised as class A, termed as Medium Heavy Oil. The Extra Heavy 
                                                          
1
 There are many other classifications of heavy oils based on both downhole/reservoir or stock tank conditions, where the 
terminologies can vary with the physical properties of the oils (e.g. McCain 1990). 
2
 Boustani 2001, has noted that the 
assumption of steady-state diffusion is invalid for closed systems, since the concentration gradient changes with time.  
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Oil category, or class B, includes oil with a viscosity between 100-10,000 cP and API of 7  -20  , 
although the oil within this class is still mobile at reservoir conditions. The third category of heavy oil 
is classified as Tar Sands and Bitumen, where the oil is no longer mobile, and the viscosities are higher 
than 10,000 cP. Whereas more viscous oils with an API that is greater than 7  are categorised as Oil 
Shales. These are summarised in Table ‎1.2.  
Table ‎1.2. Classification of heavy Oils and Bitumen, based on their API, viscosity and mobility under reservoir 
conditions (Meyer et al. 2003, 2007; Speight 2014): 
Class Description API Viscosity range (cP) Mobility of oil 
Class A Medium Heavy Oil 20  -25  10 cP-100 cP Mobile 
Class B Extra Heavy Oil 7  -20  100 cP-10,000 Mobile 
Class C Tar Sands and Bitumen 7  -12  µ >10,000 cP immobile 
Class D Oil Shales <7  --- immobile 
Most of the heavy oil and bitumen resources are concentrated in Canada 85%, whilst 90% of the 
extra-heavy oil is deposited in Venezuela, whilst the majority of the oil shale is concentrated in China, 
Estonia, the United States, Australia and Jordan (United Nations Development Programme (UNDP) 
2000; Gielen and Unander 2005; Méjean and Hope 2008).  
The heavy oils in northern Alberta are accumulated into three different deposits in (Athabasca, Cold 
Lake and Peace River), and comprise about 1.6 to 2.5 trillion barrels of oil in place (National Energy 
Board (NEB) 2004). Whilst the Energy Resources Conservation Broad (ERCB), reported recoverable 
reserves of about 175×10
9 
barrels (ERCB 2008). This makes it the second after Saudi Arabia in terms 
of oil reserves – with 98% contribution from the heavy oils (according to the Oil and Gas Journal) and 
it is predicted that resources from Alberta‘s oil sands could possibly supply Canada‘s energy needs for 
the next coming centuries, despite the decline in oil production from conventional oil since 1960s 
(McLennan et al. 2006).  
The Athabasca deposit is considered to be the largest extra-heavy oil (more than 10
6
 m.Pa.s) 
deposit, where over than 70% from the total production cannot be recovered by surface mining 
(Peacock 2010) – since the overburden thickness is greater than 70 m. Within the Athabasca deposit, 
the lower Cretaceous McMurray formation, comprises about 900×10
6
 barrels of bitumen in place, 
which makes it the primary target for most of the SAGD and surface mining projects. Most of the 
studies, however, indicate that the sands which constitute the good reservoirs in the McMurray 
formation are extremely heterogeneous with poor continuity (despite the good quality of cores and logs 
obtained from closely spaced wells of a few hundred metres, stratigraphic continuity was impossible, 
Mossop 1980). It is preserved that the dominate depositional features in the basin and within the para 
sequence sets are the low stand channels incised (Ranger and Pemberton 1997). 
There has been a lot of debate concerning the marine influence on the McMurray formation and the 
dominant depositional environment. Earlier studies classified the environment as either marine 
(forming a thin wedge near the top) or non-marine (forming the bulk of the middle and lower of the 
McMurray), (suggested by Kidd 1951; Carrigy 1971). Subsequent studies, however, have suggested it 
to be an estuarine environment, based on sedimentological observation (Stewart and MacCallum 1978; 
Knight et al. 1988). Other studies, meanwhile, have proposed that the formation is dominantly fluvial, 
due to the observed inclined heterolithic stratification, with evidence of a marine environment (Smith 
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1988). Studying the fossils in the subsurface and the outcrop it has been observed that a marine 
influence exists in the McMurray sediments (Pemberton et al. 1982). 
The McMurray formation is a dipping upwards fluvial estuarine channel point bar complex, 
deposited within an Early Cretaceous palaeovalley system, and belonging to the Mannville group. The 
thickness of the McMurray formation can be up to 120 m, many tributary systems (rivers or 
streamlines) are evident in isopach maps, which could be used as an indication of the direction of the 
fluvial transport. These turbidite channels are filled with thick quartz-rich sands, with high rock quality. 
The sands in these deposits are unconsolidated, which explains the porosity and permeability (30-35% 
with multi-Darcy permeability) and excellent oil saturation. The reservoir is water-wet in general. The 
McMurray formation is notorious for having a very complex sedimentary facies, which varies both 
laterally and vertically in very short intervals. This unit has been subdivided into three main units, a 
lower fluvial-dominated, a middle estuarine point-bar, and an upper coastal plain succession (Carrigy 
1959).  
 
Fig ‎1.4.Schematic with a cross section of the McMurray formation showing depositional facies and sequence 
stratigraphy (geology was adapted from Ranger and Pemberton 1997 and the hydrology from Barson et al. 2001). 
As can be seen in the figure, the lower McMurray is formed from the transgressive estuarine deposits, whilst the 
middle McMurray consists of shoreface parasequence sets formed from fluvio-estuarine sands, silts and muds. The 
upper McMurray consists of an upward-coarsening succession of interbedded sands, silts and muds, with a 
thickness of 3-20 m.    
The lower McMurray is known to be a highly channelized, braided fluvial dominated succession 
that overlies a conformity of Devonian carbonates. This unit comprises variable successions of 
lacustrine mudstone and coal, associated with highly braided blocks of clean sands, with lacustrine 
siltstone and madstone and rare paleosols. Thus, lithofacies within this unit comprise gravel, coarse 
sand, silt and clay, with siderite as cement. The siderite, calcite are dispersed within the sand units, 
particularly in areas adjacent to the Devonian carbonate paleohighs. The average permeability in this 
unit is about 8.6 Darcys (Hein and Cotterill 2006). 
The upper McMurray formation is heavily channelized, mixed fluvial-tidal estuarine succession, 
with many discontinuous shales. The upper McMurray formation, is a fining upwards succession, with 
clean blocky sands at the base overlain by interbedded sands with mudstones, where the channels grade 
upwards into inclined heterolithic stratified units of rippled and heavily burrowed silty mudstone. 
Subsequently, mudstone is very common within the channel successions within this unit (tidal flat 
deposit). There are some thin successions, showing unique coarsening upward profiles (crevasse splay 
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facies). Remarkably, the dimensions of the channels within the McMurray vary widely, from thick 
large channel events, to small scale multi-event channels. Overall, large scale channels (>10 m ) are 
distributed near the base of the upper McMurray succession, whilst smaller channels are preserved 
higher within the succession. Moreover, the smaller channels tend to be sand-mudstone dominated. 
Thus, the lithofacies in this unit are mainly fine-to medium grained sand, silt and sand clay, with 
interclasts, and pyrite nodules up to 10 cm. The permeability is about 6.5 Darcys in this unit, where the 
connectivity is reduced compared to the lower McMurray (Hein and Cotterill 2006). 
The middle of McMurray formation is dominated by the shallow-dipping (10 -12 ), intercalations of 
fine sand and mud, of tidally-influenced marginal marine channels (Smith 1987). This unit consists of 
two stacked stratal units consisting of lower coarser-grained channel-fills, whilst the upper unit is a 
network of finer grained tidal channel-fills (Crerar and Arnott 2007). Table ‎1.3 summarises the main 
architecture considerations for the braided meandering, and estuarine channel setting of the McMurray 
formation. 
Table ‎1.3. Reservoir architecture considerations for the braided meandering, and estuarine channel setting of the 
McMurray formation (Pyrcz and Deutsch 2014): 
Reservoir Setting Reservoir channels Meandering Channels Estuarine Channels 
Complex architecture 
Locally confined laterally and vertically 
stacked channels 
Extensive imbricated point bars with 
avulsion and overbank splays 
Locally confined tabular sheet 
sands 
Element architecture 
Low sinuosity, sand-prone channels, and 
muddy overbank. Channels may be 
plugged by local slope failures 
Low-to high-sinuosity sand prone 
channels sand and some overbank 
sands 
Laterally extensive sands, 
amalgamated at axis of flow 
Barriers Bank failures Overbank from adjacent flows Mud drapes 
Net to gross Moderate to high High Moderate to high 
The McMurray Formation, therefore, is recognized as one of the most geologically complicated 
heavy oil deposits, due to the incursion of estuarine marine sediments over the fluvial sediments and 
the erosional surfaces. The models of the McMurray formation are identified as open estuarine 
complexes, large scale point bars, and fluvial estuarine stacked channels successions. Additionally, 
they are two styles of sedimentation, vertical and lateral accretion, which influence reservoir 
geometries (Strobl et al. 1997). Despite the fact that geology can be well established, however it is 
challenging to predict the local continuity and the size of the different architectures. In addition to 
possible heterogeneities in oil viscosities associated with such reservoirs (e.g. Larter et al. 2003), 
however, this is beyond the scope of this study.  
1.5 Influence of heterogeneities in VAPEX (and SAGD): 
As been mentioned earlier, almost 80% of the oil sands are not technically suitable for surface 
mining operations (Berkowitz and Speight 1975) due to the deposits being deeper than 70 m (e.g. the 
deepest deposit is the Peace River Area which is 300 to 770 m below the surface). Thus, the industry 
has continued to resort to thermal methods to exploit heavy oils and bitumen. Table ‎1.4 lists the most 
recent and successful SAGD pilot projects that have been applied in the Canadian oil sands with a brief 
description of the geology in these deposits. As can be clearly seen, these heavy oil and bitumen 
deposits exhibit various extents of reservoir heterogeneities in their geology.  
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Table ‎1.4.Several recent successful SAGD projects implemented in the Canadian oil sands with a brief geological 
description of the formation (Redford 1987; National Energy Board (NEB) 2013): 
SAGD Project / 
Operator and time 
Project Description Brief Description of Formation Properties 
Alberta Oil sands Inc. 
(2010) 
Clearwater West SAGD Production Phase 1 
-Net pay of Clearwater formation: 35-45 m.  
-Horizontal and vertical permeabilities are ~6.4 and 2.9 Darcys, 
respectively.   
-Porosity ~32%. Slightly heterogeneous with shale intervals. The 
distinguishing feature in this formation is the argillaceous 
glauconitic sand. 
Cenovus Energy. 
(2001-2013) 
Foster Creek SAGD project 
Within the upper and middle of the McMurray formation, the 
permeability is up to 8 Darcy. The porosity is 34%. The net pay is 
up to 30 m. Fining upwards fluvio-estuarine channel deposits. Thick 
channels sands in the upper unit. The defined SAGD intervals are as 
defined by Cenovus trough cross-bedded sands. 
BlackPerl Resource 
Inc. (2012) 
Blackrod SAGD oil Sands Project Phase 1 
-Cretaceous Lower Grand Rapids.  
- Thickness of 8 to 28 metre. Saturation is between 50% and 75%. 
Average porosity and permeability are about 33% and 3.2 Darcys, 
respectively. Large areal extent (shore face sands). Predictable 
distribution of 
porosity and bitumen thickness. 
Cenovus Energy Inc. 
(2012-2016) 
Pelican Lake Grand Rapids SAGD Oil Sands Project 
Phase 1 
-Net pay of lower Grand Rapids Unit 1 (L.GR1) is ~ 26 m. 
-Horizontal and vertical permeabilities are 3.02 and 3.45 
respectively 
-Porosity ~36%. kv/kh=0.88.Sandy deltaic deposits bounded by thin 
regional shales. 
Connacher Oil & Gas 
Ltd. (2012-2013) 
Great Divide SAGD Expansion Phase 1 
The formation is a thin reservoir, at best 25 m compared to the 
thickest McMurray which is 50 m. However, it is more 
homogenous, with fewer vertical barriers. kv/kh >1. 2-5 Darcys 
permeability.   
 
Grizzly Oil Sands 
ULC. (2014-2016) 
Algar Lake SAGD Oil Sands Project Phase 1 
Within the McMurray formation  
 
Husky Energy Inc. / 
BP PLC. (2011-2014) 
Sunrise Thermal Project' SAGD Oil Sands Project 
Phase 1 
Limited (JACOS) / 
Nexen. Inc.(2012-
2013) 
Hangingstone SAGD Commercial Production 
Project 
Marathon Oil Canada 
Corp. (2013-2015) 
Birchwood' SAGD Oil Sands Project 
MEG Energy 
Corp.(2011-2013) 
Christina Lake SAGD Project Phase 3 Stonefell 
Terminal (Bitumen / Diluent Storage Facility) 
Southern Pacific 
Resources Corp. 
(2013-2016) 
McKay SAGD Project Phases 2A and 2B 
-Within the lower Mannville group, this is an inferred valley system 
with a sub-cretaceous unconformity. The net pay is nearly 10 to 27 
m. TVD:80-135m. Netpay: 15-30 m. Average porosity ~34. 
Average horizontal and vertical permeability respectively are 10 
and 3 Darcys.  
-The porosity is ~8-12%. This formation is highly heterogeneous. 
The core permeabilities range from 0.03 to 3.7 Darcy. The vertical 
permeability range 0.1-0.85 Darcys 
Devon Canada Corp. 
(2013-2015) 
Walleye Oil Sands Projects (SAGD) Phase 1 Within the McMurray formation 
Husky Energy Inc. / 
BP PLC. (2011-2013) 
Sunrise Thermal Project' SAGD Oil Sands Project 
Phase 1 
Within the McMurray formation 
In accordance to this, there is a vast literature investigating the impact of reservoir heterogeneity on 
heavy oil extraction from SAGD (e.g. Yang and Butler 1992; Farouq-Ali 1997; Ito and Suzuki 1999; 
Zhang et al. 2007; Chen et al. 2008; Le Ravalec et al. 2009; Gotawala et al. 2010). These 
aforementioned studies were conducted using either physical or numerical heterogeneous models and, 
in each, the shape of the steam chamber deviated from the ideal V shape anticipated in theory, the exact 
shape depending upon the level and nature of the heterogeneity. 
Kamath et al. 1993, in a different study using numerical simulations, investigated the influence of 
reservoir layering on the performance of SAGD. The conclusions drawn from the study was that the 
permeability near the producer has a significant influence on the production oil drainage rates, and 
continuous shale barriers were found to have a great influence on the obtained oil rates and (Steam to 
Oil Ratio) SORs. Moreover, the study quantified the oil drainage rates obtained from the SAGD with 
the Dykstra and Parsons (DVP) coefficient, with it being found that the oil drainage rates were reduced 
with an increase in (DV) coefficients for the same permeability increasing directions. 
‎Chapter 1                                                                                                                                                Introduction 
 
13 
 
Farouq-Ali 1997 pointed out that reservoir heterogeneities and formation characteristics influenced 
the steam chamber spreading in the UTF Phase A study case, whilst Zhang et al. 2007 noted the 
constraint on the growth of the steam chamber, based on crosswell and 4D seismic from a SAGD 
project in the Christina Lake. Chen et al. 2008 investigated the effect of reservoir heterogeneities, 
including discontinuous shale barriers, in both near-well region (NWR) and above-well region (AWR), 
(as represented in Fig ‎1.5). The study concluded that the oil rates are mostly sensitive to shale barriers 
at NWR, whereas heterogeneities and reservoir characteristics at the AWR were found to effect the 
lateral spreading of the steam chamber. In addition, they noted that hydraulic fracturing might improve 
the steam spreading significantly and assist in establishing vertical communication.  
 
Fig ‎1.5.The schematic is from Chen et al. (2008) showing the steam chamber during the SAGD process. It was 
emphasised in the study the there are two main regions in the steam chamber: Near Well Region (NWR) and the 
Above Well Region (AWR), that may be considered in studying the impact of reservoir.  
Studies by Lerat et al. 2010 and Hiebert et al. 2013, and many others, have used an integrated 
approach (geology, geophysics, reservoir dynamics simulations) to investigate the influence of the 
―grid block scale‖ heterogeneities on the SAGD performance. Synthetic high resolution static reservoir 
models were constructed of the Athabasca McMurray formation. The models were then used in running 
dynamic simulations, followed by modelling of the seismic data at different time steps of the steam 
injection, by assigning elastic parameters using a petroelastic model. A difference was distinguished 
between the spread of the steam chamber as predicted from the simulations (which are subject to 
uncertainties in the build model) and those captured from the 4D seismic. The area of interest of this 
study was a project in northern Alberta, where the pay zone‘s horizons were about 20-40 m of bitumen 
rich within the McMurray formation channel. The study found that macroscopic reservoir 
heterogeneities can significantly limit the growth of the steam chamber (specifically the upwards 
propagation in this study).  
 
Fig ‎1.6.The figures demonstrate synthetic SAGD models in time after 3 years of production. The first figure (left 
to right) shows the facies distribution, the P-wave seismogram and the oil saturation (Lerat et al. 2010). 
 
Near well region 
 (NWR)
 
Above well region 
 (AWR)
‎Chapter 1                                                                                                                                                Introduction 
 
14 
 
One of the conclusions in Chen et al.‘s 2007, 2008 study, using numerical simulations, was that the 
draining oil and steam growth were highly sensitive to shale barriers in the near well region but less 
affected by discontinuous shales located in the above well region. The expansion of the steam chamber 
to the top of the reservoir, however, was reported to be adversely affected in cases where the shale 
barriers in the above well region were either continuous or small but with high density. Interestingly, 
improvement in oil rates was observed when vertical fractures were introduced in the models, although 
these features are not common in such heavy oil reservoirs, unless artificial.  
Zhang et al 2007 investigated the influence of heterogeneities on the growth of the steam chamber 
for the Christina Lake Thermal Pilot project, using 4D seismic and crosswell imaging. The project 
targeted the McMurray formation, lower Cretaceous Manville group, described earlier. Surprisingly, it 
was found that buffers and mudstones near both the injector and the producer significantly influenced 
the growth and sweep efficiency of the steam chamber. It was also concluded that the simulation 
models over predicted the extent of growth of steam segregation in the reservoir (i.e. the effective well 
length was much lower than predicated), by underestimating the influence of the shale barriers 
(Fig ‎1.7). 
 
Fig ‎1.7. Left, steam chamber propagation in a homogenous reservoir; right, steam chamber shape in a reservoir 
with shale lenses (after Peacock 2010).  
The influence of shale barriers was investigated in a different numerical simulation study (Le 
Ravalec et al. 2009) for a geostatically populated 3D model with mobile heavy oil and a variant shale 
percentage. By correlating the oil rates with the percentage of the shale barriers, it was found that shale 
lenses above the well pairs, had a less detrimental effect on the oil rates than the barriers located near 
the well region. Interestingly, however, shale barriers may speed the lateral expansion of the steam 
Similarly Yang and Butler (1992) investigated the influence of heterogeneities, including 
continuous horizontal layers, and discontinuous shale barriers, on the performance of SAGD.  The 
same bead pack model study that was used in the very early work of Chung and Butler (1987) was 
utilised in the study. The glass bead pack was 15 cm wide, 22 cm high and 3 cm thick, loaded with 
2000 µm and 3000 µm glass beads to form layers with varying permeabilities and porosities. SAGD 
experiments proposed that models with a high permeability layer at the top of the reservoir provided 
better vertical communication and hence more production. This was justified by the contention that 
lower layer (near the producer) contributions come later, once the steam chamber is completely drained 
from the upper layer. The visual observations of the steam positions for the two layer system in Yang 
and Butler‘s (1992), experiments are described in the schematics below (Fig ‎1.8).  
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Fig ‎1.8.Steam propagation with time during the SAGD process for models with two layers, as observed in Yang 
and Butler‘s (1992) experiments. As is shown in the figures, the steam chamber is visually most affected in the 
model with a high permeability layer at the bottom of the pack (left), compared to the model with a high 
permeability layer at the top of the reservoir (right). Moreover, the cumulative oil production in the model with 
high permeability at the top was 25% higher than the case where the lower permeability layer was at the bottom of 
the reservoir. Interestingly, the same conclusion was drawn in the VAPEX experiments that will be discussed 
through this thesis.  
A very limited amount of research has been performed to investigate experimentally the effect of 
vertical and lateral variations in permeability and of barriers on VAPEX mechanisms. In theory, 
however, VAPEX performance is most likely to be more sensitive to the presence of shale barriers, 
compared to thermal methods, since the mechanism is primarily driven by mass diffusion/dispersion 
between the solvent and the oil. Diffusion and dispersion will be significantly reduced or may not occur 
at all through very low permeability shales whereas, in SAGD, heat will still be conducted through 
these features if the size of the barriers is small and the amount of heat lost within the barrier is 
negligible (This is shown in the schematic below Fig ‎1.9).  
 
Fig ‎1.9. A schematic representation of the effect of shale lenses on the performance of both VAPEX and SAGD 
(left to right).  
The influence of permeability variations on the VAPEX solvent chamber though, is likely to be 
very similar to their influence on SAGD (assuming that advection dominates thermal or molecular 
diffusion), which implies that a non-uniform solvent vapour chamber would be expected for a 
heterogeneous reservoir model. Moreover, since the solvent is most likely a non-wetting phase to the 
reservoir, it would be expected that capillarity may limit the invasion of the solvent into the pore space.   
An experimental study was carried by Jiang and Butler 1996 in a 2D (35.6 ×21.6×3.2) cm pack, 
where physical systems with thin low permeability continuous layers, low permeability discontinuous 
layers and high permeability sand lenses, were investigated. The low permeability sand was nearly 43.5 
Darcy while the high permeability sand was 217 Darcy. It was found that low permeability packs 
produced less efficiently than systems with high permeabilities. It was also observed that continuous 
shale/low permeability barriers prevented the formation of the solvent-vapour chamber above these 
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barriers (as might be expected) and therefore reduced VAPEX performance significantly. Additionally, 
different patterns of vertical and horizontal fractures were investigated in this study. Similar to SAGD, 
it was observed that vertical fractures tended to improve the recovery, especially in layered systems.  
It was also concluded from the study that, in models with layers of contrasting permeabilities, the 
flow or the percolation of the solvent and the mobilised oil, from the boundary between the layers is 
limited by capillary pressure ( i.e. the relative magnitude of the viscous to gravity, with respect to the 
heterogeneous capillary forces: let 
      
     
⁄  
 
   
    
       
⁄ ; 
      
     
⁄  
     
 ⁄  , where the 
subscripts visc, cap and grav are viscous, capillary and  gravity forces, respectively, µeff is the solvent-
drained oil viscosity, v is the velocity of the solvent; a is the pore size,   is the interfacial tension and 
klayer is the permeability of the layer,    a is the hydrostatic pressure). Since the flow is very slow, 
however, in fact nearly quasi-equilibrium, viscous forces can be neglected and the thus the 
displacement of the solvent and diluted oil to the lower permeability layer is mainly controlled by the 
ratio of capillary to gravity forces. This is only the case, of course, when the solvent is in a none 
wetting phase to the systems (this is described in Fig ‎1.10).  
 
Fig ‎1.10.Schematic displaying the impact of reservoir layering on the process of SAGD (left) and VAPEX (right) 
(modified after Jiang and Butler 1996).  
Frauenfeld et al. 2006 meanwhile, tested the impact of bottom water aquifers, sand lenses and 
layering. Their physical model was constructed from a field scale reservoir model applying Pujol and 
Boberg‘s (1972) gravity and diffusion scaling criteria. The model simulated a 30 m thick reservoir 
underlain by a 10 m thick aquifer with a geometric ratio of 100:1 (i.e. 30 cm reservoir thickness, 10 cm 
bottom water zone and 25 cm horizontal well offset). In these experiments, Kerrobert oil (50,000 
mPa.s) was used with butane as the solvent. It was observed that oil drainage rates were lower in 
layered systems compared to homogeneous models with uniform permeabilities, and that the layering 
resulted in the formation of mini-vapour chambers above the injectors. Interestingly, it was noticed that 
low permeability lenses did not severely inhibit the production since the solvent was diverted sideways 
and around these features. 
Another experimental study, performed by Rezaei et al. 2010, investigated the influence of 
wettability on VAPEX performance using models packed with oil-wet and water-wet at different 
fractions. As expected, the oil rates significantly increased for models with a higher fraction of oil-wet 
rocks, compared to water-wet systems. 
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In a different study performed using numerical simulations to evaluate the impact of reservoir 
permeability distributions on VAPEX, Zeng et al. 2008 concluded that randomizing the permeability 
had a very minor effect on the overall VAPEX performance compared to the homogeneous scenarios. 
It was also observed that the best VAPEX performances were for models with a high permeability 
layer close to the producer. 
1.6 Thesis objectives: 
The work extends the previous investigations and focuses on resolving the main outstanding 
uncertainties associated with the VAPEX process. The objectives of the thesis can be summarised into 
three main points: 
 To examine the influence of macroscopic permeability heterogeneities (including layering and 
discontinuous single shale barriers) on the extracted oil drainage rates, as well as on the 
spreading of the vapour chamber. 
 For this a series of experiments were performed in bead pack models, and using an 
analogue fully miscible (FCM) fluid system consisting of ethanol and glycerol. The 
models replicated common permeability heterogeneities that were able to be 
experimentally modelled and that were easy to characterize in terms of effective petro-
physical properties. It is worth noting here that the conclusions being drawn in this study 
might no longer be valid for systems with more realistic fluids (i.e. semi-miscible fluids), 
since capillarity, associated interfacial forces, and relative permeabilities might 
significantly influence the fluids distribution and mobility within the reservoir.       
 To assess the impact of heterogeneity on the process, the recoveries obtained from 
heterogeneous systems were compared with recoveries from homogenous models.  
 To validate the existing analytical derivation of predicting the stabilised oil drainage rates 
(Butler‘s and Morys 1989).  
 The dependency of the stabilised oil drainage rates on model permeabilities was 
experimentally investigated.  
 The dependency of the stabilised oil drainage rates on drainage height was investigated 
using numerical simulations.  
 To examine the oil production rates and the achievable recovery factors in comparison to 
SAGD.  
 To evaluate the most sensitive reservoir static parameters for the VAPEX process, as well as 
the effect of realistic reservoir heterogeneities on VAPEX.  
 These were addressed by performing a series of numerical simulations using 2D field 
scale sector model with realistic petro-physical properties adapted from those of real 
reservoirs. The fluid model was generated from the heavy oil-solvent PVT data of one of 
the well-known heavy oils. 
 Using a high grid resolution field-scale simulation model, the oil drainage rates and 
recovery factors obtained from both VAPEX and SAGD were compared, the impact of 
the level of heterogeneity was examined using the Dykstra and Parson 1950 Coefficients 
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(VDP) and Coefficient of Variation (CV), as well as the impact of the permeability 
contrast between the high and low permeability facies. 
1.7 The structure of the thesis: 
The thesis is arranged into nine chapters. Chapter 1 comprises an introductory to the process of 
Vapour Extraction (VPAEX) and the main objectives of the work supported by a discussion of the very 
limited research on the area investigating the impact of heterogeneities on the process.    
Chapter 2 reviews the relevant literature discussing the following: a) the physically measured 
stabilised oil drainage rates (in sand packs models) in comparison to the prediction from Butler and 
Mokrys; b) related investigations on the physics behind the process in an attempt to justify the 
discrepancies between the measured and analytically predicted rates; c) the injection pressure 
constraints and the optimum operating conditions; d) the mechanism of diffusion and dispersion in 
porous media as well as studies exploring the scale and heterogeneity dependency of dispersion in 
porous media.  
Chapter 3 discusses the experimental setup and the methodology followed in conducting the 
laboratory experiments, including the characterisation of the analogue fluids, measuring the 
petrophysical properties (including porosity, permeability, longitudinal and transverse dispersion), the 
packing procedure of heterogeneous packs, and the method for resolving the edge effect and 
experimental error analysis.  
Chapter 4 is dedicated to demonstrating the quantitative and visual experimental results. It starts by 
comparing the experimental results obtained from homogenous models with the analytical predictions 
from Butler and Mokrys, examining various propositions for improving the current analytical 
derivation. This was followed by examining the dependency of the oil rates on model permeabilities. 
Then results from heterogeneous systems for models with layers and with discontinuous shale barriers 
are discussed and compared with the findings from homogenous models.  
Chapter 5 validates the numerical simulations with the experimental and analytical results. The 
Chapter begins with a description of the numerical model and the grid sensitivity followed in capturing 
the physical dispersion. The simulator‘s capability in modelling the diffusion and dispersion mixing, 
and modelling the reduction of oil viscosity with solvent is tested. The chapter ends with sensitivities 
on the influence of permeabilities and the reservoir drainage height.  
Chapters 6 and 7 discuss the evaluation of vapour extraction for a realistic field scale case. Chapter 
6 focuses on a description of the simulation model, the PVT generated model, modelling viscosity, 
optimization of grid cell thickness and capturing the total physical dispersion.  
Chapter 7 demonstrates the results from field scale simulations. This chapter starts by discussing 
results of sensitivities on VAPEX, with the most sensitive ones being discussed further. The effect of 
heterogeneity on VAPEX is explored using realistic simulations, and by investigating the impact of the 
Dykstra and Parson Coefficient and Coefficients of Variation, facies permeability contrast and 
heterogeneities in fluvial-deltaic systems.  
‎Chapter 1                                                                                                                                                Introduction 
 
19 
 
Chapter 8 continues the discussion of field scale simulations on the process of VAPEX, in 
particular a comparison of the process with SAGD in terms of performance. The chapter begins by 
reviewing the literature relating to the primary disadvantages of the SAGD process compared to 
VAPEX, before moving on to compare the performance and the physical aspects of the two 
mechanisms through a series of generic numerical simulations using a virtual model with realistic 
petro-physical properties and reasonable thermal conduction/mass dispersion values. Additionally, 
prior to the simulations, the ability of the fluid model to identify the changes in phase behaviour with 
compositional and thermal changes was examined. Moreover, to understand the dynamic changes in 
the reservoir properties, mechanistic generic models were produced, which serve to describe the 
compositional regions formed with changes in temperature and pressure. Finally, some of the 
sensitivities which might have a detrimental effect on heat losses in SAGD, and thus its overall 
performance, are assessed.   
Chapter 9 ends the thesis by summarizing the main findings and conclusions drawn from the study 
and recommending areas which need further investigation.  
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Chapter 2  
Background and Literature Review  
Introduction: 
This chapter introduces the fundamentals of the VAPEX process and discusses the assumptions that 
were followed in deriving the analytical equation for predicting oil drainage rates, which was supported 
by empirical equations based on Hele-Shaw cells. The chapter also reviews the key up-to-date research 
on the physics of the process, in particular work investigating the effect on the process of macroscopic 
scale permeability heterogeneities. The main gaps in the literature on the VAPEX process are also 
highlighted: gaps which this thesis seeks to address. 
2.1 Butler and Mokrys analytical model: 
Butler and Mokrys 1989 performed the first experiments on VAPEX, utilizing liquid toluene as the 
solvent rather than steam, as in SAGD, to extract two types of extra-heavy oils: Athabasca and Suncor 
Coker-Feed –with viscosities of 31.6×106 and 0.035×106 mPa.s, respectively. The experiments were 
performed in 2D closely spaced Hele-Shaw cells, allowing a visual examination of the flow, and at 
atmospheric pressure, an ambient temperature of 20˚C and a unit porosity and permeability value of 
(k=b
2
/12, where b is the space between the model). Interestingly, Butler and Mokrys found that 
dissolution of the solvent resulted in a significant reduction in viscosity, while dissolution of the oil 
viscosity increased with an increase in initial oil viscosity.  
Based on the visualized solvent chamber growth and the thin interface between the solvent-oil 
observed in the Hele-Shaw cell experiments, Butler and Mokrys 1989 derived a generalized 
mathematical model to predict the stabilised oil rates in VAPEX. As has been mentioned earlier, the 
porosity of the model was 100% while the permeability was k=b
2
/12.  
The main assumptions that were applied in the mathematical derivation were: 
a) Steady-state mass transfer, which implies that, throughout the solvent chamber and at the 
uninvaded heavy oil zone, the change in concentration with time is zero and the mass transfer 
at the diffusive layer is at a steady-state (i.e.        ).2 
b) The interface moves at a constant speed (U), whilst the undiluted oil elsewhere in the model is 
entirely immobile.  
c) Under steady-state conditions, the mass transfer at the interface boundary (described by the 
schematic in Fig ‎2.1) corresponds only to molecular diffusion and can be described by the one 
dimensional diffusion equation (Eq. 1.1). This implies that the diluted oil is drained from the 
diffusive layer with a uniform thickness (Cs=Cmax at   =  ) near the innermost point of the 
solvent edge, (Cs=Cmin at   =     ), at the outermost boundary towards the heavy oil (where   
is the perpendicular distance from the interface). Many researchers, however, have argued that 
                                                          
2
 Boustani 2001, has noted that the assumption of steady-state diffusion is invalid for closed systems, since the concentration 
gradient changes with time.  
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the assumption of steady-state may not be valid in closed system models (Boustani and Maini 
2001). 
d) The flow is two-dimensional, (as shown in Fig ‎2.1) and has to reach the boundaries of the 
model. This is mainly by gravity segregation throughout the entire model with vertical-
equilibrium applying at the solvent-oil boundary, thus resembling a strongly gravity dominated 
process, controlled by the very low solvent injection pressures applied in the experiments (i.e. 
a steady-state pressure gradient).  
e) Since the oil and solvent are First Contact Miscible (FCM), the residual oil saturation (Sor) in 
the area swept by the solvent would be zero, with molecular diffusion being solely responsible 
for the mixing in the solvent transition diffusive region. Capillary pressures are negligible at 
the interface and the relative permeabilities are linear.  
 
Fig ‎2.1.A schematic describing the diffusivity boundary between the solvent-oil and the flow directions in a Hele-
Shaw cell during the VAPEX process (modified after Butler and Mokrys 1989). 
The corresponding mass balance at the diffusion layer under steady-state conditions (assumption a) can 
be described by the one-dimensional diffusion equation: 
  
   
  
      ………………………..………………………………………….…………..……...(2.1) 
where, according to the assumptions, oil is immobile throughout the model, apart from the diluted oil at 
the diffusive layer, and thus the flow velocity (U) is parallel to the interface.  
Moreover, according to assumption (d), the pressure gradient is at a steady-state in the direction of flow 
within the diffusive layer, and therefore applies a balanced force on the direction of the flow within the 
diffusion layer: 
                       ….……………………………………………………………………...(2.2) 
In the above equation, the term on the left side represents the gravitational forces, whilst the first 
term on the right-hand side is the viscous drag force and the second-term is the viscous forces, due to 
the variation of the velocity gradient in the direction perpendicular to the surfaces of the Hele-Shaw 
cell. The velocity in the first term ―V‖ is the average velocity along the interface line, whilst the second 
term ―v‖ is the parabolic velocity profile within the thickness of the cell and w is a variable spacing 
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within the Hele-Shaw cell. Butler-Mokrys, however, neglected the second term (d
2
v/db
2
), since the 
plates are closely spaced in a Hele-Shaw cell, meaning that the flow remains laminar, and this 
assumption is also valid in porous media with reasonable permeabilities.  
Given that only the diluted oil is mobile (due to the high bitumen viscosity), the integrated bitumen 
velocity change along the thickness of the diffusive layer, is responsible for the overall total bitumen 
production rate: 
 
 
 ∫       
    
 
     …..………………………………………………………….…………....(2.3) 
The integration limits returned by the equation above suggest that the end-points of solvent 
concentration occur only at the prevailing limits (i.e. Cs=Cmax at     whilst Cs=Cmin at       ), bearing 
in mind that the concentration limits correspond to the solubility limit of the solvent in oil at the 
prevailing temperature and pressure during the experiments.  
Substituting (2.1), (2.2) in the Eq. (2.3):  
 
 
 
       
 
∫
     -   
   
    
    
    =
        
 
   ……………………………………………………….(2.4) 
where Ns in the equation is a dimensionless factor, termed the VAPEX number, combining all the 
physical properties and corresponds to the reduction in heavy oil viscosity. The term can be calculated 
using experimental data or correlations describing the changes in physical properties with different 
concentrations, including changes in diffusion, density and viscosity. It should be noted, therefore, that 
the Butler-Mokrys derivation is not based on either the difference in end-point properties or the 
assumption of infinite dilution of the diffusion at the concentration end-points. 
The term was found to remain constant during the experiments at the prevailing experimental 
conditions temperature and pressures (Butler and Mokrys 1989, Das 1998 and others): 
   ∫
         
   
    
    
     …….………………………………………………………….….(2.5) 
Moreover, they considered that the cumulative oil produced over time is dependent on the position of 
the interface, or diffusive layer, along the Y-X plane, as shown in the schematic in (Fig ‎2.2): 
∫ 
 
 
        ∫  
 
 
    ….……..…….………………………………………………………..….(2.6) 
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Fig ‎2.2.A schematic describing the solvent-oil diffusive boundary position at time (t). The dotted shaded area 
represents the cumulative oil produced during time (t) (modified after Butler and Mokrys 1989).3                  
Differentiating equation (2.6) with respect to time t and vertical position y, yields to: 
  
  
      
  
  ⁄  …………..…….………………..…………………………………………...(2.7) 
Since the velocity vector in the direction of flow is equivalent to       ⁄      , combining 
equations (2.4), (2.5) and (2.7) we can conclude that:  
            (     ) …..…….……………………………………………………………..….(2.8) 
Thus, re-arranging equation (2.8) and integrating with respect to the height or the thickness (where 
0<y<h, and during the stabilisation time the gravity head is at maximum y=0), the 2D flow rate per 
unit of thickness (in units of L
2
/T), can be described by the following equation: 
  √            …………….……………………………………………………………..….(2.9) 
For a complete vapour chamber and a reservoir with a third dimension L, the oil drainage rates 
could be subsequently represented by the equation below: 
    √            ….……….……………………………………………………..……..….(2.10) 
where k is the model effective permeability,   is the porosity,     is the initial mobile oil saturation, h 
is the reservoir drainage height and Ns is the VAPEX number. The equation was generalised to be valid 
to predict the stabilised oil drainage rates in porous media.  
                                                          
3
 It is worth noting here that the derivation is proposing  that the most of the change in velocity occurs at the vertical side (y-
plane ) 
Extracted oil area  (X, Y) 
             
Y 
h 
 Flow Q
y
    
Horizontal distance (X)   
Vertical distance (Y)   
  
  
‎Chapter 2                                                                                                         Background and Literature Review 
 
24 
 
Moreover, the oil diffusivity embedded in the calculation of Ns has been modified to account for the 
increase in oil diffusivity due to the increase in solvent concentration (Oballa and Butler 1989). The 
overall diffusion has been calculated from the intrinsic diffusivity (rather than the mutual diffusion) as 
described in the equation below, where Do is the overall oil-solvent diffusion coefficient, Ds and Db are 
the intrinsic diffusion coefficients of the solvent and bitumen, respectively, and Cs is the solvent 
concentration. 
     (    )       ………………………………………………………………………….(2.11) 
Moreover, following the derivation steps discussed earlier, the following remarks can be made :1) 
the influence of convective dispersion in the mixing between the solvent and oil has been neglected; 2) 
the effect of asphaltene participation in oil drainage rates has not been factored in; 3) the change in the 
y-direction velocity with time has been ignored in order to simplify the mathematical derivation; 4) for 
a more realistic sub-miscible pair of fluids, capillarity effects may influence the mixing between the 
solvent and oil; 5) the derivation supposes a homogenous model with isotropic permeability and 
porosity. 
Comparing the experimentally measured oil drainage rates obtained from the Hele-Shaws cells with 
the analytically estimated rates, they found a reasonable agreement for low permeability ranges cells 
(k
0.5
<35 Darcys
0.5
), as shown in Fig ‎2.3. At higher permeabilities, however, the analytical equation 
substantially overestimated the oil drainage rates. Nevertheless, since the permeabilities in porous 
media are lower than those observed in Hele-Shaw cells, the analytical equation has been generalised 
to predict VAPEX oil drainage rates from porous media experiments. Moreover, unfortunately, the 
experimentally measured VAPEX oil drainage rates in Hele-Shaw models were only about ~1% of the 
rates that could be achieved from SAGD. 
 
Fig ‎2.3. Comparison of the analytical estimates of the oil rates from the Butler-Mokrys equation with the 
experimentally measured rates from the Hele-Shaw cells for Athabasca oil (left) and Suncor Coker-Feed (right). 
As the two figures show, the analytical equation overestimates the oil rates, especially at very high permeability 
values (k1/2> 35 Darcy1/2). Butler and Mokrys justified this behaviour by the instabilities at the interface as the 
permeabilities increase.  
Subsequently, Butler and Mokrys 1991 performed further experiments in which the VAPEX 
process was altered by simultaneously injecting hot water with a temperature of 40-80˚C and propane 
so as to improve the performance. The results were encouraging, and the oil drainage rates were higher 
than could be achieved using hot water alone. Moreover, the process was projected to be economically 
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more attractive than SAGD and with possibly less heat losses, making it potentially more suitable for 
thin net pay reservoirs. They attributed the increase in recovery with propane injection (by at least ~10 
times) to the phenomenon of the recycling of the solvent by re-vaporization of propane. The propane 
requirement was about 0.5 kg or less per produced barrel of water. Fig ‎2.4 illustrates the mechanisms 
of the process, in which the role of the solvent is to dilute the oil in the most distant areas by the 
chamber and improve the lateral spreading of the chamber.  
 
Fig ‎2.4. A schematic representation of the modified VAPEX process (propane/hot water), after Butler and Mokrys 
1991. 
Motivated by their previous work, Butler and Mokrys 1993a extended their preceding study 
injecting vaporised hydrocarbon solvents at their dew point with hot water, this time using a larger 
physical model. The main goal of the study was to address potential concerns regarding asphaltene 
precipitation, which could possibly reduce the permeabilities and thus decrease the oil drainage rates. 
The result of a typical run with hot water-propane injection is described in Fig ‎2.5.  It was observed 
from the study that the hot water-propane process resulted in a higher oil recovery in large packs, 
compared to hot water injection alone. 
 
Fig ‎2.5. The cumulative oil production and recovery factor during the VAPEX/hot-water experiment from Butler 
and Mokrys 1993a. For the first few hours of the experiment hot water was injected at a temperature of about 
80  C; this was then followed by injection of propane, while maintaining the temperature of the cell. As is evident 
from the figure, propane injection resulted in a sharp increase in oil production.  
Moreover, during the study, some experimental runs were carried out with pure propane (i.e. 
without the hot water) in order to evaluate the efficiency of so-called dry VAPEX. The temperature 
was set at 20  C throughout these experiments and propane was injected at 0.88-0.918 MPa pressure 
(i.e. close to vapour pressure), the pressure at the outlet was set to be slightly lower than the injection 
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pressure. The remarkable observation from these experiments was that the injection of vaporised 
propane alone led to significantly higher recoveries than the injection of propane concurrently with hot 
water (i.e. oil rate rates of ~43 m
3
/day were estimated for a 457 m horizontal well and a 10 m pay 
zone). It was therefore concluded that the process of VAPEX utilizing solvent unaided could be very 
attractive, especially when considering the benefits of there being no heat losses and of the overall 
lower energy intensity of the process. Moreover, in the same study, the performance of VAPEX 
utilizing propane as a solvent was compared with that using ethane, and it was found that recovery 
factors dropped by half for the scenario utilizing ethane as a solvent, whilst the viscosity remained 
almost unaffected. It has been proposed that the asphaltene participation did not impair the oil drainage 
rates, as would be expected, as this was compensated for by the reduction in viscosity by in-suite 
upgrading. 
2.2 Stabilised oil rates in porous media: 
Followed by the encouraging results of Butler and Mokrys 1989, 1991, 1993a, many experimental 
studies have subsequently been performed to investigate the prospects of VAPEX.  
Whereas in Butler and Mokrys 1993a, a scaling criterion to predict the oil rate from lab to field-
scale was suggested (as described in equation 2.12), this was based only on drainage height and 
medium permeability, assuming that the remaining parameters, including the diffusivity, remain 
constant. The same scaling criterion has been adapted in different studies (Das and Butler 1995; Jiang 
and Butler 1996; Jiang 1997; Yazdani and Maini 2005, 2008, 2009a), however, field-scale oil rates 
using the proposed scaling method have not been promising: 
 
 
 
 
 √
    
    
 ………..………….……………………………………………………………..….(2.12) 
Dunn et al. 1989 proposed an alternative approach to match the experimentally measured rates, by 
amplifying the diffusion by up to 460 fold in the analytical equation. This increase in diffusion was not 
justified, however, and they were not able to address the huge discrepancies between their 
experimentally measured rates and the analytical estimates from Butler-Mokrys. These discrepancy in 
the diffusion coefficients may possibly be attributed to either the existence of a second phase (connate 
water) or a probable measurement error. 
In a similar study performed by Lim et al. 1996, using ethane and propane as solvents to extract 
Cold Lake bitumen in a three dimensional sand pack, the effective diffusion was increased by up to 
three orders of magnitude higher than the liquid diffusion coefficient so as to match the experimental 
results in sand pack models. It was reported in the study, however, that the mechanism leading to the 
significant enhancement in diffusion in porous media is not well identified, and it was proposed that 
dispersion and solvent fingering may be one of the mechanisms governing the increase in mass 
transfer.  
Das 1995 started investigations using Hele-Shaw cells and propane as a solvent, with findings that 
were very similar to those in Butler and Mokrys 1989. The experiments showed that precipitation of 
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asphaltene was evident in the walls of the Hele-Shaw cells and this phenomenon was associated with 
condensation of the solvent. It was observed from the findings, however, that asphaltene precipitation 
had no influence on the oil rates. This has been justified by the in-situ upgrading of the oil rates that 
occurred with the asphaltene participation; indeed, this was found to improve the oil rates by ~50%. 
Moreover, the study showed that the oil rates linearly increased with the square root of permeability. 
Das 1995 also carried VAPEX experiments on sand packs, showing that the physical oil rates were 
3-5 times higher than the oil rates estimated from the Butler-Mokrys analytical equation. Despite the 
fact that the oil rates where linearly increasing with the square root of permeability, it was proposed 
that the increase in oil rates for porous media is due to the increase of the interfacial area open for 
solvent to flow in, leading to higher diffusivity in oil. Das 1995 then suggested that the dimensional 
steady-state diffusion Eq. (2.1) should be modified to the following form to account for the increase in 
diffusion with tortuosity quantified by interfacial area (A): 
-     
   
  
         ………….……………………………………………………………..…(2.13) 
where Dapp in the equation is diffusion in porous media, rather than liquid-liquid or gas-liquid diffusion 
and was described as follows:  
        
 
 …………………….………………………………………………..……………...(2.14) 
Thus, combining the equation 1.10 in the original analytical equation, the following relationship was 
obtained: 
  √               ………….…………………………………………………………...…...(2.15) 
where ‗‗m‘‘ in the equation is a cementation factor and the diffusion value in the Ns term has been 
replaced with the apparent diffusivity value, which is modified for the tortuosity. 
Das and Butler 1996, 1998 suggested that since the interfacial contact area is at least two orders of 
magnitude higher in porous media compared to the interfacial area in a capillary tube, where a smooth 
interface is encountered, the diffusivity would consequently increase despite the anticipated slight 
reduction in diffusivity due to the curvature of the interface. Moreover, Das and Butler proceeded, at a 
sufficient solvent concentration in the diluted oil at the interface (above the critical concentration), the 
oil would subsequently either be drained to the producer by gravity or rise upwards under the influence 
of capillary forces, exposing a new layer of oil at the interface (as explained in the schematic shown in 
Fig ‎2.6-a). Accordingly, the dilution of oil would be higher than expected, given that the transient 
diffusion between the solvent and oil is higher than that at a steady-state (as proposed originally in the 
equation). The transient diffusion for an infinite slab can be represented by the following 
equation:   
  
 
√
 
   
   -   , where ρsis the density of the solvent, M is the mobility ratio, D is the 
diffusion, t is the time, Cs and Co are solvent and oil concentrations, respectively.  
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Fig ‎2.6.a) A schematic explaining the enhancement in mass transfer in the transition zone (left); b) transient 
concentration profiles inside a semi-infinite slab: as can be seen the concentration gradients are reduced as time 
builds up (after Das and Butler 1998). 
In addition, Das and Butler 1996, 1998 proposed that part of the enhancement in oil drainage rates 
in porous media is attributed to the increase in microscopic interfacial tension together with capillary 
imbibition and surface renewal at the transition zone. It was observed from the experiments that after a 
sufficiently long time, diluted oil flows upwards against gravity by the action of capillary pressure in 
the areas where asphaltene participation occurs. This is because once the bitumen at the interface mixes 
with the solvent it eventually leads to a reduction of oil viscosity and surface tension and then 
eventually to swelling of the oil. Therefore, diluted oil would be drawn to the adjacent pores from the 
interface by capillary imbibition (considering that the solvent is the non-wetting phase), which 
therefore governs the exposure of a new layer of oil. Subsequently, the concentration of the solvent at 
the transition zone will be constantly reduced, causing a steady increase in diffusion flux (since the 
transit-diffusion is much higher than the steady-state diffusion). This phenomenon was proposed to 
occur in cycles, which may significantly improve the oil rates.   
Das and Butler 1996, 1998 also suggested that, given the same prevailing conditions for heavy oil 
extraction in the laboratory as in field scale experiments, and considering the same pair of solvent and 
oil (i.e. Ns=constant), the oil rates could be scaled as described by Eq. (2.16), assuming that the 
porosities ( ), permeabilities (k), cementation factors ( ) and mobile oil saturations (   ) are the only 
variable parameters, while the diffusion was assumed to be independent of scale: 
 
 
 
 
 
  
  
√
    
      
    
      
 ……………………………………………………………………...…….(2.16) 
In a study by Nghiem 2001 it was argued that the two most significant mechanisms that must be 
captured in numerically modelling the VAPEX process are asphaltene precipitation and mixing due to 
dispersion. They therefore suggested modifying the Equation of State (EOS) in the simulators to be 
able to model solid precipitation (which may flow in suspension in the oil phase or deposit on the 
surface of the grains) and fluid mixing due to molecular diffusion and dispersion. This was verified 
through a series of simulations employing Lindbergh oil and propane. The selected injection pressure 
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and temperature were about 858 kPa and 21 C, respectively. As expected, wider solvent spreading was 
observed for higher dispersivity values. It was also observed from the simulation results that 
incorporating both diffusion and dispersion would give a more realistic ‗‗V-shaped‘‘ vapour chamber, 
whilst implementing dispersivity alone (which is velocity dependent) would create a broader vapour 
chamber; this, however, is less comparable to the observations from the laboratory experiments.   
Karmaker and Maini (2003a) conducted an experimental study to investigate the influence of gas 
caps and overlying water aquifers on the process. The experiments were performed using extra-heavy 
oil with a viscosity of 40,000 m.Pa.s, using propane as a solvent. The model was 3D (67.3 cm×15.3 cm 
×3.2 cm). The oil column was set to be ~12 to 15 cm, while the thickness of the gas cap was about ~1-3 
cm (i.e. a small gas cap). The study established that the existence of a gas cap may be beneficial in 
VAPEX, since the solvent may spread in-between the oil-gas contact, potentially significantly 
increasing the speed of the solvent diffusion in oil by allowing a greater contact area between the 
solvent and oil. The oil drainage rates from models with gas caps were slightly higher than those in 
models with no gas cap, although the thickness of the oil column was less in the former scenario. The 
study also indicated that the injectivity of the solvent was higher for the models with a gas cap, leading 
to an improvement in the drainage of the diluted oil to the producer by gravity. The study therefore 
concluded that reservoirs with gas caps may be good candidates for VAPEX. 
This same study also investigated the influence of initial reservoir temperature during the VAPEX 
process. An increase of 18% in stabilised oil rates was observed when the model‘s temperature was 
increased from 10  C to 19  C; this was linked to the proposition that solvent diffusivity improves with 
an increase in temperature. Moreover, the study suggested that, as expected, increasing the operational 
pressures may significantly increase the performance of VAPEX by increasing the viscous drive in the 
models, and it was suggested that the solubility of the solvent in oil would possibly improve with 
increases in pressure. The study also mentioned, however, that the operating pressure should be lower 
than the dew point pressure of the solvent, so as to avoid condensation of the solvent, which could 
possibly lead to the precipitation of asphaltene and to liquid solvent retention in the form of residual 
liquid in the swept area.  
In a different study, Karmaker and Maini (2003b) investigated the impact of grain size distribution 
and reservoir height during the process of VAPEX, using the same physical model that was 
implemented in their previous work, described earlier. The measured rates appeared to be highly 
dependent on the model height, and the study proposed that this was due to the increase in convective 
dispersion and due to transmissibility values increasing with an increase in model thickness – even 
though convective dispersion coefficients were not measured with respect to different model heights 
during the study. Moreover, although the experiments showed that the permeabilities increased with 
grain diameter (for a mixture of grade 12-16 glass beads, 16-20 sands and 20-30 sands), nonetheless, 
the overall impact of grain size on VAPEX oil rates was not pronounced. 
Butler and Jiang 2000, meanwhile, were the first to investigate the impact of well configuration and 
spacing on the performance of VAPEX. Their study proposed that a wider horizontal well spacing 
would improve the cumulative oil production, and through upscaling the physical model to field scale 
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configurations, it was also established that the effective lateral spacing is between 100 and 200 m. The 
study estimated that for a model with a lateral spacing of 140 m between the wells, a recovery factor of 
50% would be reached within ten years, with an average rate of 450 barrels per day and a Solvent Oil 
Ratio (SOR) of about 0.18 (i.e. the scaling criterion used in the study was Qmodel/ Qfield =hm
2
 Lm/ hf
2
 Lf 
and using direct scaling of time to real times, Dtmodel /hmodel
2
=Dtfield/hfield
2
). The study also proposed that 
initially injecting the solvent at relatively high injection pressures/rates and then reducing the injection 
constraints once the solvent chamber is established into the reservoir, would significantly improve the 
oil rates and reduce the SORs.  
Boustani and Maini 2001 focused on investigating the impact on the process of VAPEX of 
convective dispersion and other processes governing mass transfer between solvent and bitumen. This 
was built on previous studies in which it was found that molecular diffusion could not explain the 
observed higher rate of mixing between the solvent and oil, suggesting that a secondary mechanism 
contributes to the mixing.  
The study suggested that mixing in VAPEX occurs in two directions: longitudinally and transverse 
to the bulk flow (both solute and solvent are flowing in the same direction). Experiments were carried 
out on Hele-Shaw cells to investigate the influence of convective dispersion on the oil rates. Propane 
was utilized as a solvent with two types of heavy oil. The study also reviewed some of the correlations 
used in calculating the molecular diffusion for heavy oils (despite the fact that some of these 
correlations may not be applicable due to the arbitrary assumptions involved in treating the kinetic 
forces, Oballa and Butler 1989). They particularly implemented Hayduk et al.‘s 1973 correlation, 
which states that the molecular diffusion is inversely related to the viscosity:   αµ-β, where α and β 
are dependent on characteristics of the solute/solvent pair. This suggests that the diffusion can 
dramatically change as a function of solvent concentration. The effective diffusivities, due to 
convection, were estimated from Taylor‘s dispersion expression capillary tubes. The corresponding 
measured effective diffusivities were estimated to be about 1.2×10
-5
-1.4×10
-5
 cm
2
/s, at maximum 
solvent diffusion (for Péclet numbers range of 21.2-24.5). The back-calculated VAPEX numbers (Ns) 
from the experimentally measured rates were compared to the analytical calculations, employing the 
diffusivity values at the prevailing experimental pressures and temperatures (Fig ‎2.7). Boustani and 
Maini concluded from their study that implementing convective dispersion reduced the discrepancy 
between the physically measured oil rates and the analytical estimates from the Butler-Mokrys 
derivation, for the same Péclet numbers.  
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Fig ‎2.7. The ratio between the back-calculated VAPEX numbers (Ns,exp) from the physical measured oil drainage 
rates and the analytically estimated Ns from diffusion alone and the combination of diffusion with dispersion (after 
Boustani and Maini 2001).     
Cuthiell et al. 2003 applied a different method by utilizing CT scanning (Computed Tomography) 
to investigate the process of VAPEX (particularly the mechanism of dispersion). To visualise the 
progress of the flow during VAPEX, the sand pack models were located in the opening of a CT 
scanner. The two dimensional model packs had internal dimensions of (25 cm× 30 cm× 2.8 cm) with 
an aluminium frame (~0.5 cm thick to reduce the deflection of this frame during the experiments). To 
overcome the problem of edge or wall effect, the surfaces of the model were coated with ceramic 
adhesive. The fluid distribution during a flood was indirectly estimated by comparing the scan of the 
un-flooded pack with that taken from an earlier time step to the following scan. The experiments 
revealed that the growth of the finger was observed immediately after the solvent breakthrough, and 
that there was some internal mixing within the solvent fingers. Interestingly the solvent fingering to the 
producer did not appear to traverse until 7-8 hours after the start of the experiments, which suggests 
that the solvent fingering occurs through small several channels (this is despite the stable flow that was 
maintained through the experiments by controlling the injection pressures). A second phenomenon that 
was captured by the CT scanning was the backflow of the diluted oil to the sand pack (presumably 
corresponding to problems of back pressure in the outlet of the pack or, as was suggested by the study, 
due to the separation of solvent and oil near the producer). The experimentally measured stabilised oil 
drainage rates were at least three times larger than predictions from the Butler-Mokrys derivation (up to 
ten times in some of the experiments). These discrepancies were justified by the very low oil viscosities 
in some of the experiments, but this explanation does not hold for the rest of the runs which utilized 
more viscous oil. Moreover, numerical simulations were used to history match the experimentally 
measured rates, by adjusting the longitudinal and transverse dispersion values in the simulations. In all 
the scenarios, the simulator predicted later solvent breakthrough times than those observed in the 
experiments.   
 Overall, the study concluded that the most likely explanation for the high discrepancies observed 
between the physical and analytical estimates is the fact that transverse dispersion was neglected, given 
that the models were not actually 2-D. 
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Cuthiell et al. 2006 focused on investigating the influence of capillary pressure on the process of 
VAPEX. The experiments were performed in nearly 2D (25 cm × 30 cm × 2.8 cm) sand packs with 
permeabilities of 3.4-5.6 Darcys -even though the width of the model in the third dimension was fairly 
thick. Fairly viscous oil (4100 mPa.s at 25 ˚C) was utilized in all the experiments, with butane being 
used as the solvent. CT scans of the sand packs were compared with the simulated solvent-oil 
distribution. The CT numbers represented the densities of the fluids (mass of the fluid invading the 
pore space regardless of its phase). Comparing the simulations with the CT scans, it was established 
that the simulator was capable of capturing all the physical phenomena in the models, including the 
shape of the interface. The initial predictions of the oil production rates, however, were significantly 
overestimated by the simulator (presumably due to the domination of numerical dispersion). 
Subsequently, the size of the grid in the simulations was increased and by history matching the 
cumulative oil the best match dispersion was found to be about 2×10
-9
 m
2
/s. The authors arrived at the 
conclusion that oil rates may be very sensitive to capillary pressures. The study established that mixing 
between the solvent and the oil was best represented by the following diffusion expression: 
D=4.13×10
-10
µ
-0.46
, proposed by Das and Butler 1998 after Hayduk and Cheng 1971. Using this 
correlation was found to be more efficient than using the convective dispersion or velocity-dependent 
effects. They also justified the use of drainage capillary pressures in their simulations since, according 
to the micro scans, they observed small micro-scale heterogeneities within the sand packing (despite 
the fact that the pack appeared to be macroscopically homogenous), and therefore these appeared to 
introduce some cross flow mixing driven by capillary pressure.  
Kapadia et al. 2006 developed a mathematical model to estimate the dispersion during the process 
of VAPEX for a 2D model. The mathematical model was developed based on assumptions of isobaric 
and isothermal conditions, a homogenous medium, the mass fraction of the gas within the medium 
being the saturation mass fraction under the equilibrium, and dispersion as a result of both molecular 
diffusion and surface renewal only taking place in the x-direction (there is no phase saturation change 
within each grid block). The corresponding dispersion of butane into Cold Lake bitumen was found to 
be at least four orders of magnitude higher than the pure diffusion of the same pair of fluids reported in 
earlier studies.   
In a different study, which intended to look into the influence of convective dispersion on VAPEX, 
Alkindi et al. 2008b,c, 2011 performed laboratory experiments combined with numerical simulations, 
utilizing analogue fluids consisting of glycerol and ethanol to represent the heavy oil and solvent, 
respectively.
4
 The selected analogue fluids were first contact miscible (FCM) at prevailing ambient 
experimental conditions.
5
 This enabled an examination of the mixing of the solvent-oil due solely to 
dispersion and diffusion, and excluding all other phenomena which may influence the mixing (e.g. 
mixing due to capillarity and induced mixing by countercurrent imbibition). It should be noted here 
however that the use of FCM fluids may specify the drawn conclusions from the study to be only 
relevant for systems with similar fully miscible fluids, and that the assumed simplified physical 
                                                          
4
 The work in this thesis further develops this peer-reviewed work. 
5
 The characterization of the fluids and porous media is thoroughly discussed in the following chapters of this thesis. 
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processes e.g. by the omission of capillary pressure might affect the relevance of the findings to the 
field scale. The experiments were performed in a 2D glass bead pack that was well characterized in 
terms of porosity, permeability and dispersion. The dispersion trajectories in the longitudinal (KL) and 
transverse direction (KT), were measured over a range of Péclet numbers (Pe=uDp/Dm where u is 
interstitial velocity, Dp is the particles‘ average diameter and Dm is molecular diffusion), through a 
series of comprehensive experiments following the method of (Brigham 1961; Perkins and Johnston 
1963). It was assumed in the study that overall diffusivity is independent of the concentration. The 
results showed that for low Péclet numbers, the ratio of dispersion to molecular diffusion approaches a 
limiting value which is about 0.63, and the dependency of longitudinal and transverse dispersions with 
Péclet numbers was described by the following correlations: KL/Dm=0.63+0.3Pe
1.2
 and 
KT/Dm=0.63+0.036Pe
1.09
, (more details on the method used to measure the dispersion can be found in 
Alkindi et al. 2011). It was found from the study that the experimentally measured oil rates were 
slightly underestimated by the Butler-Mokrys equation by 5.2-22.5%. It was further established that the 
simulations were able to reproduce the experimentally measured oil rates very well and that the 
solvent-oil distributions were well captured in all three experiments (as is shown in Fig ‎2.8), bearing in 
mind that a high permeability was introduced in the model (side facing the injector and producer) so as 
to mimic the channel in the model as well as the edge effect.  
It is worth noting here, however, that the range of Péclet numbers for the corresponding injection 
rates applied in the experiments were about (0.110<Pe<0.218) and these are rather low and indeed far 
less than those required for dispersion to dominate the mixing. Therefore, the ratio of calculated 
longitudinal dispersion to the diffusion was 0.68.  
 
Fig ‎2.8. Comparison of ethanol-glycerol distributions observed during the experiments with the predictions form 
the numerical simulations, at three different pore volumes. As it is shown in the figures, overall the agreement is 
excellent (Alkindi et al. 2011). 
Ahmadloo et al. 2014 very recently reviewed the role of capillarity together with the impact of 
drainage height on the process of VAPEX over a wide range of permeabilities, based on analysing the 
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findings of some of the experimental data from previous work (Butler 1994; Boustani and Maini 2001; 
Upreti et al. 2007; Yazdani and Maini 2005, 2006, 2008, 2009a; Vargas and Romero-Zerón 2007; Talbi 
and Maini 2008; Moghadam et al 2009). They also performed some experiments of their own to 
measure the oil rates in 2D (24.5 cm ×20 cm × 5 cm) cm visual slabs, with permeabilities ranging from 
5.1-6.4 Darcys, and utilizing viscous oil (10,541 cp) and butane as a solvent. The model in this study 
was designed to withstand a 1 MP pressure. The porosities, permeabilities and total pore-surface areas 
(estimated through a mercury injection test) were measured in each sand pack. The VAPEX number Ns 
was back-calculated for each experiment, for the oil rates, by rearranging the equation as described by 
Eq.2.17: 
       ∫
 
   
    (    )   
 
   
   
     
  
        
 ….…………………………………………...…(2.17) 
Fig ‎2.9 below shows the back-calculated VAPEX numbers (Ns, exp) from the drainage oil rates, for 
different experiments, which has been modified from the results of Ahmadloo et al. 2014. The 
experiments that were included in this figure were performed in homogenous models. As can be seen in 
the figure, Ns,exp numbers from Hele-Shaw cells are much lower than those observed from sand pack 
experiments. Moreover, the trends of Ns,exp were almost uniform for sand pack models with high 
permeabilities (k>100 Darcy). It is difficult to correlate the Ns,exp with the permeability, however, since 
the solvent-oil pairs and subsequent conditions (temperature and pressures) were different in these 
experiments. Despite the fact that the results of Ahmadloo et al. 2014, for lower permeability ranges, 
showed a significant dependency on Ns,exp, this sharp increase of the Ns,exp and subsequent oil drainage, 
has been attributed to the influence of capillary pressure, at lower permeability packing. 
Moreover Ahmadloo et al. 2014 reviewed the dependency of reservoir height on the back-
calculated numbers Ns,exp. Fig ‎2.10 has been modified from the findings in Ahmadloo et al. 2014  by 
adding more data points of back-calculated Ns,exp from other studies, including the results from this 
work and of Alkindi et al. 2011 (calculated from the physical oil rates) for models with different 
reservoir thicknesses. As can be clearly observed from the figure, in most of the results, the Ns,exp  
appears to be increasing with an increase in reservoir height. In the findings of Oduntan et al. 2001, 
however, Ns,exp does not show any dependency on reservoir heights (i.e. in his study he found that 
Q=3.9×10
-7
h
0.55
 m
3
/s.m), while in the study of Alkindi 2011 there was a reduction of Ns,exp  with an 
increase in model height, for experiments performed with the same pressure constraints and using the 
same solvent. It is worth noting here that the dependency of Ns,exp on reservoir height is possibly also 
related to the permeability and the capillarity of the models. Moreover, comparing the Ns,exp for 
experiments with the same experimental conditions, with similar pack permeability and porosity and 
with the same solvent, it can be seen that Ns,exp slightly increases with injection pressure (this is evident 
from the experiments in this work compared to the findings of the Alkindi et al. 2011, as will be 
detailed in the following chapters). 
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Fig ‎2.9. Back-calculated VAPEX numbers Ns,exp from the experimentally measured oil rates, from both Hele-Shaw 
cell models and porous media experiments, versus the permeability of the models. The remarkable observation 
here is that Ns,exp in porous media studies was nearly independent of permeability, however for low permeability 
models, Ns,exp was rigorously increasing with an increase in permeability (modified after Ahmadloo et al. 2014). 
 
Fig ‎2.10. The back-calculated VAPEX numbers Ns,exp from the experimentally measured oil rates from sand 
models and porous media experiments, versus the permeability of the models. As indicated in the figure, Ns,exp 
appears to increase the model thickness in most of the scenarios (modified after Ahmadloo et al. 2014). 
Interestingly, looking carefully into the figure for experiments with the same pair of solvent-oil, the same 
prevailing temperature and pressure and for the same reservoir model h, Ns,exp slightly increased with an increase in 
the model‘s permeability. 
Oduntan et al.‘s 2011 experimental study investigated the influence of reservoir height using bead 
pack models with different lengths (21-274 cm) but with the same cross-sectional area. The 
permeability of the pack was preserved to be the same in all the models (136 Darcy). Correlating the 
experimentally measured oil rates with model thickness, a slightly higher dependency was obtained 
than proposed by the Butler-Mokrys derivation (i.e. Q=1.112×h
0.55
). Karmaker and Maini 2003, 
meanwhile, investigated the influence of drainage height on the process of VAPEX, utilising models 
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ranging from 7.5-30 cm and permeabilities between 220 and 640 Darcys. Following this study, 
Yazdani and Maini 2008 investigated the influence of reservoir height dependency on the oil drainage 
rates at the higher range of reservoir models (7.5-100 cm). Surprisingly, although the drainage rates 
appeared to exhibit a square root dependency with the permeabilities, the dependency of the oil rates 
with the model heights was considerably more pronounced than would be anticipated from a square 
root dependency (i.e. n=1.1-1.3 rather than 0.5). Yazdani and Maini 2009a, related this high 
dependency of the oil drainage rates on model thickness to an increase in mixing as the solutes travel 
away from the inlet, with the effective diffusion coefficients being suggested to be related to the 
model‘s thickness and viscosities, as follows: Deff=1.495×10
-7
 h
1.55
µ
-0.46
. In a similar experimental 
study, which also focused on investigating the dependencies of reservoir height, Ahmadloo et al. 2013 
utilised models with various thicknesses between 24.5 and 47.5 cm and with permeabilities between 
5.19 and 6.46 Darcys. Surprisingly, the study showed that the oil rates did not follow the suggested 
square root dependency with permeabilities, as in their previous studies (Ahmadloo et al. 2014); rather, 
the oil rates were strongly dependent on permeability at lower permeability ranges, which could be 
linked to the greater influence of capillary pressure as the permeability decreases. 
This review of back-calculated number shows, that the stabilised oil drainage for the corresponding 
calculated Ns,exp is independent of model permeability for high permeability models (~k>100 Darcy). 
Interestingly, however, the Ns,exp appeared to increase significantly with the permeability (k<6.4 
Darcy). Therefore, it might be concluded that the observed higher Ns,exp numbers in sand pack 
experiments compared to those lower Ns,exp observed in Hele-Shaw cell models, are due to the influence 
of capillary pressure and the increase in interfacial surface area. This agrees with the findings of 
Cuthiell et al. 2006, where it has been revealed that for low permeability models, the effect of 
capillarity is more pronounced and the mixing is mostly dominated by molecular diffusion rather than 
velocity dependent dispersion. 
Moreover, we can observe that the back-calculated Ns,exp (from most of the studies) showed quite a 
strong dependency on reservoir height rather than the proposed constant functionality in the Butler-
Mokrys (i.e. Ns(h)=constant had been proposed to remain constant for the same fluid pairs and 
experimental conditions), and that the oil drainage height was a function of reservoir height to the 
power of 1.1-1.3. Whether the increase in dependency on reservoir height (h) is due to an increase in 
convective dispersion with reservoir height (as suggested by Boustani and Maini 2001; Imarn et al. 
2010 and Abukhalifeh et al. 2011) or is simply due to the increase in the gravity drainage as a result of 
the increased gravity head (kh) has not been confirmed, however.  
Many studies have attempted to investigate the role of capillarity on VAPEX using different 
pragmatic approaches (Cuthiell et al. 2003, 2006; Cuthiell and Edmunds 2006; Rostami et al. 2007; 
Ayub 2009; Rezaei et al. 2011; Cuthiell et al. 2013). Capillary pressure is actually a change in the oil-
phase pressure within the capillary zone, since the overall pressure change within this zone is 
negligible during VAPEX, and therefore this would introduce a second driving force to the reservoir, in 
addition to the gravity forces (in Cuthiell et al. 2013 it has been suggested that the capillarity force is 
about one-sixth of the gravity gradient for an oil density of 900 kg/m
3
). Moreover, Cuthiell et al. 2013 
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suggested that capillary pressure may have a significant effect on the process since, according to the 
simulations, the saturation of the transition zone increased by over 2 cm by amplifying the capillary 
pressure to five fold. 
Ayub 2009 implemented a range of experiments and numerical simulations to investigate the effect 
of capillary pressure on VAPEX. The capillary pressures and relative permeability curves were adapted 
from the study of Tuhinuzzaman 2006. It has been proposed that in the absence of capillary pressure 
there would be a good vertical spreading of solvent, driven by the density difference between the 
solvent and oil and ensuing gravity drainage; however, this would limit the lateral spreading of the 
solvent. It has also been suggested that incorporating capillary pressure into the numerical simulation 
would give a better match between the solvent chamber and the interface shape, and would improve the 
predicted oil rates by delaying the solvent production. In a different study, Ahmadloo et al. 2013 
measured the capillary pressure of dried sand packs with an automated mercury injection tool, with a 
maximum pressure of 414 MPa being applied. The pore size distributions were used as a measure of 
the total available surface area, determined from the gradient of the capillary pressures versus the 
mercury saturations; with, as expected, the pore throat being shown to be of a mono-model pore type. 
Subsequently, the air-water capillary pressures were estimated from the Young-Laplace equation 
(knowing that the air/mercury interfacial tension is 48.5 dynes/cm, the air/mercury contact angle is 130 
and the air/water interfacial tension is about 72 dynes/cm, and 0 ). These measured capillary pressures 
were used together with other properties of permeability, porosity and diffusivity to model the 
experimentally measured oil drainage rates of VAPEX. Although a strong dependency on permeability 
was observed during the experiments, the results relating to the increase of the oil drainage rate with 
capillarity were inconclusive from this study since there was no robust evidence that capillarity 
contributed to the enhancement of the oil drainage rates. 
In a study by Rostami et al. 2007 a sensitivity on the effect of capillarity was performed using a 
semi-compositional simulator, (CMG) STARS, (though the permeability of the model was 10 Darcy 
which is quite high). The numerical model was scaled based on a physical model, which was 67.5 cm× 
15.2 cm× 3.1 cm, respectively, and the grid thickness was selected based on a sensitivity study 
(however the thickness of the cells were still very large at 2.52 cm× 1.52 cm× 0.1 cm, to ensure that the 
physical dispersion dominates the numerical). Propane was used as a solvent and oil with a viscosity of 
1600 cp; the pressure was set to 850kPa and the temperature was 21˚C, so as to preserve conditions 
close to the dew point of propane. Synthetic capillary pressures and relative permeability curves were 
used, based on laboratory measured data for a similar rock type and the same fluids. The main findings 
from the study were; a) the solvent breakthrough to the producer was hindered by the increase of 
capillary pressure; b) the distributions of the solvent into the oil with time was more dispersed 
compared to in the scenarios with zero capillary pressure; c) initially, the oil drainage rates increased 
with an increase in capillary pressures; later, however, the rates decreased with an increase in capillary 
pressures. Using macroscopic scale numerical simulations to investigate the impact of capillarity 
associated with multi-phase is not robust, however, since the simulator is not capable of capturing the 
pore-scale compositional changes due to capillary effects, induced by the pore geometry, the pore 
throat size distributions and the connectivity.  
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Most of these studies based their proposition of the contribution of capillary pressure on VAPEX on 
either visual observation of the transition zone, inspection of the production data or by projecting the 
influence of capillarity from the permeability of the sand pack, and these are not sufficient, to quantify 
the influence of capillarity and relative permeability on the process. Moreover, the simulator‘s ability 
to capture capillarity and other interfacial phenomena at pore-scale level is doubtful. The effect of 
capillary imbibition, especially within finer pores, in extracting out the oil from the transition zone 
must be carefully investigated through delicate lab experiments to understand if this process actually 
occurs. 
Fisher et al. 2002 used a different method to investigate the mass transfer in a 2D process by using 
a glass micro model (6.4 cm×5.7 cm×30 microns) and advanced imaging analysis using Magnetic 
Resonance Imaging (MRI). It was found that the capillary de-saturation of oil around the vapour 
chamber enhanced the thickness of the transition zone. The authors outlined that the undiluted oil is 
being driven into the transition zone driven by capillary forces long before gravity drainage take places. 
It was also observed from the MRI images, that gas fingers into the oil bank (due to microscopic 
pressure imbalances), and that, with time, these fingers or channels (referred to as fractures) would be 
filled with diluted oil that would proceed to drain out by gravity. The diffusive layer was found to 
recharge continuously with new layers of oil. Interestingly, it was revealed that de-asphalting enhances 
the mass transfer. The study also suggests that the presence of connate water might enhance the 
spreading of the solvent chamber, as shown in Fig ‎2.11. 
 
Fig ‎2.11. Visual MRI image taken during VAPEX experiments performed in micro models with and without 
connate water. The technique could indicate the concentration gradient and the penetration zone of the solvent 
front (Fisher et al. 2002). 
Yazdani and Maini 2005, 2007, 2006 2008, 2009a focused on developing a new scaled-up method 
for VAPEX based on physical observation so as to be able to predict the oil drainage rates with 
reservoir height. They extended the experiments of Karmaker and Maini 2003a to include a wider 
range of model heights, having showed that the previously proposed scale-up method significantly 
underestimated the rates. The experiments were conducted in cylindrical physical models that were 
designed to withstand the high operating pressures. The oil rates from the cylindrical models compared 
well with those obtained from rectangular packs (for the same drainage height) used in Karmaker and 
Maini 2003b experiments. Two oil types with different viscosities were used during the experiments, 
with the experiments with the less viscous oil being run at 9.5  C, and those with heavier oil at 22  C. 
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Butane was used as the solvent and the operating pressures were fixed just below the dew point 
conditions. The experiments were performed for three different sizes of glass beads. 
The experiments indicated that the oil rates were correlated to the model thickness through the 
correlations shown below, recognising that the influence of other variables are imbedded in the 
constant factor of the correlation:   
             √    ………..……………………………………………………………...……(2.18) 
             √    …………………………………………………………………...…..……(2.19) 
These correlations, therefore, propose that the oil drainage rates demonstrate a stronger dependency 
on reservoir height. The implication of this is that for a reservoir with a net pay of 20 m the VAPEX oil 
drainage rates could be increase by ~77.6%. The study also confirmed the square root dependency 
between oil drainage rates and model permeabilities (as anticipated from the Butler and Mokrys 
derivation). 
Accordingly, the studies proposed that oil rates could be scaled using the following description:  
   √     
   √     
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)
 
,    where            ...........………………………….………………………(2.20) 
 
Fig ‎2.12.a) Effect of drainage height on stabilised oil drainage rates for different grain sizes (left); b) the effect of 
grain size on oil-drainage rates with different experimental models.  
In a different study, Yazdani and Maini 2009b discussed the main pitfalls in and solutions for 
numerically modelling the process of VAPEX at a field-scale based on history matching of laboratory 
experiments. They outlined that transverse dispersion is the primary mixing mechanism in the process, 
however they mentioned that the extent of knowledge about the process is still shallow (Kapadia et al. 
2006; Yazdani and Maini 2009a). They also emphasized the importance of using a compositional 
simulator to capture the complexity of the interaction between the solvent and oil properly, the 
possibility of asphaltene precipitation and the accompanied up-grading of the oil and solid blockage of 
the pore space. In this study, they listed the key points in modelling the process of VAPEX as: 
a) PVT and the viscosity mixing rule were identified in the study as having a critical impact on the 
simulation of the process; 
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b) Scaled experiments are usually carried out in physical models with high permeability and it would 
therefore be expected that the pressure gradients might be very small. This may be a source of 
numerical instability and convergence problems; 
c) Capturing the thickness of the diffusive layer and selection of the grid size: since the diffusive layer 
is very thin in VAPEX (it was calculated to be about 0.3-1.5 cm) it is critical to capture the physical 
actual dispersion and eliminate the influence of numerical dispersion; 
d) Breakthrough time problems: they observed that breakthrough time was three to five times faster in 
the experiments compared to the simulations. To overcome this challenge, the study proposed that in 
order to model the immediate breakthrough seen in the experiments, the simulation mode should be 
changed from first order to a higher order scheme. This caused some problems with numerical 
instability, however, and subsequently they changed the injection constraints from being constant 
pressure constraints to free gas production constraints (after the breakthrough). Furthermore, they 
overcame this problem of earlier breakthrough by increasing the local permeability of grid cells 
adjacent to the producer and injector by (50-100) times; 
e) An additional aspect that was referred to in the study, which is essential in numerically modelling 
the process, is the wellbore conditions, including the diameter, which is limited by the grid size since 
this cannot excessed the effective well diameter (calculated from Peaceman‘s 1977, 1978 equation). 
Surprisingly, however, increasing the wellbore diameter appeared to have no influence in CMG Stars; 
most probably due to the small pressure difference between the blocks – the same findings were 
observed in this study, as discussed in Chapter 5. 
f) Numerical constraints with regard to stability and numerical convergence, which is related to the grid 
size and time steps implemented in the simulator; 
j) Finally, numerical dispersion is one of the major challenges in modelling the process and can lead to 
unrealistic estimation of the oil rates. The better the grid resolution, therefore, the more accurate the 
numerical solution may be. The study concluded that the grid thickness needed to be much lower than 
that implemented in the study, ideally, at least five times lower than the thickness of the diffusive layer. 
The study also mentioned that the nearly atmospheric production constraints may be an additional 
source of numerical instability.  
 
Fig ‎2.13. History matching of different experimental runs a, b and c in Yazdani and Maini 2009b, using a 
compositional simulator. As is shown in the figure, the simulated oil drainage rates are lower than the physically 
measured oil drainage rates from the experiments; moreover, in spite of all the efforts to capture the physical 
breakthrough times, the simulations still predicted a slower solvent breakthrough time. 
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The study of Abukhalifeh 2012 followed a different approach in examining the effect of model 
height with the dispersion. The experimental setup consisted of pressure vessels with various heights, 
uniformly packed with glass beads (with a permeability of 219 Darcys, obtained by amending the 
measured gas permeability). The models were saturated with oil that was about 225×10
3
 mPa.s, and 
propane was used as the solvent. In measuring the concentration-dependent dispersion values at a 
constant temperature and pressure (21 ˚C and a pressure of 0.689 MPa), it has been assumed that 
diffusive flux in the vertical direction is insignificant compared to the convective flux, while also 
assuming that the mixing in the radial direction is solely governed by diffusion. Moreover, the solute‘s 
concentrations were indirectly estimated by measuring the density of the solute over time. The 
dispersion values with model height were then estimated by
6
 a computational algorithm, at the 
prevailing solvent concentration averaged at the stabilised time (~0.76 obtained from Abukhalifehet al. 
2009). The dispersion values were found to be about 1×10
-7
-2.5×10
-5
 m
2
/s, and to increase significantly 
with model height, contributing to an increase in oil rates of ~10% (i.e. up to ~22% increase in 
recovery factors with a 29% increase in model height). 
2.3 Injection pressure constraints: 
When choosing the operation pressure in the application of VAPEX it is important to bear in mind: 
a) that the flow should be gravity dominated –so that the imposed pressure gradients should be very 
close to the initial reservoir pressure; b) that the pressure should be maintained close to the saturation 
pressure, and therefore the dew-point of the solvent selected should be close to the reservoir pressure 
(in order to maximise the solubility of the solvent in oil and take the advantage of the deasphalting of 
the oil). This is in accordance with Das 1998, who found that the maximum solubility of the solvent 
could be attained at pressures close to the vapour pressure. In a different study, Oliveria et al. 2009 
worked on a sensitivity study using numerical simulation of some operational and reservoir static 
parameters for VAPEX oil rates. It was concluded that selection of the most efficient solvent and 
optimum injection pressures are of paramount significance in VAPEX, and the performance of VAPEX 
was shown to be very sensitive to the type of solvent – despite the fact that the study used only a simple 
generic PVT data set. 
                                                          
6
Integrating numerically the unsteady state mass balance of solvent in cylinder: 
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)  with the assumption of:     ⁄  -           Where    is the mass fraction of solvent in bitumen, r is the 
distance along the radial direction, z is the bitumen height at a given (r and t, m), v is the Darcy velocity, D is the dispersion of 
the solvent in heavy oil.  
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Fig ‎2.14. Production as a function of propane saturation (after Mokrys and Butler 1993a). 
Mokrys and Butler 1993a carried out an experimental investigation, using propane as the solvent 
and Tangleflags crude oil, to investigate the influence of operational pressure on VAPEX. The 
experiments were conducted at room temperature for a pressure range above and below the saturation 
pressure. The results indicated that the highest steady-state production rates were achieved when the 
injection pressures were near to propane‘s saturation pressure (as shown in Fig ‎2.14). In a different 
series of experiments by Das and Butler 1998 the influence of injection of non-condensable gases on 
the performance of VAPEX was investigated. During this study, butane was used as the solvent and 
was co-injected with nitrogen. It was concluded that applying very high injection pressures had only a 
minimal effect on the oil drainage rates. A similar conclusion was drawn by Karmaker and Maini‘s 
2003a study, where it was suggested that high injection pressures may be beneficial to the process, 
however they emphasized that it is important for the partial pressure of the vapour to be retained close 
to its dew point. This may therefore limit the use of some solvents with the corresponding reservoir 
pressures, since the vapour pressure of the propane and butane should be equivalent to the reservoir 
pressure –at the corresponding reservoir temperatures7.  
Jiang 1997 carried out laboratory studies with various solvents including propane, ethane and 
butane, under constant injection pressure constraints (in which the injection pressure was controlled by 
adjusting the non-condensable gas (nitrogen) pressure and injecting the solvent (butane) at a constant 
injection rate). Comparing the performance of VAPEX at two corresponding pressures (138 kPa and 
208 kPa
 8
) it was revealed that operating pressure has only a small effect on oil drainage rates, for the 
same solvent injection rate. The oil rate in the scenario with an injection pressure of 138 kPa was about 
~0.97 g/hr whilst for the scenario with an injection pressure of 208 kPa the oil rate was about 0.62 g/hr. 
It was therefore concluded that the injection pressure has little effect on oil drainage rates. 
Some researchers have suggested that pressure cycling could potentially improve the performance 
of VAPEX. This is the process of injecting at pressures near to the vapour pressure and then lowering 
                                                          
7
 Typically the reservoir temperature for those shallow and highly viscous oil deposits ranges from 7-13˚C (Good et al. 1994; 
Gates and Chakrabarty 2008; Badamchi-Zadeh et al. 2009). At this temperature range, the corresponding propane and butane 
vapour pressures are within the range of 587- 843 kPa and 132-164 kPa, respectively. It appears, however, that the injection 
pressures implemented in the study were limited by the design of the model. 
8
 It is worth noting here that the pressure range was much lower than propane‘s vapour pressure at the prevailing temperature. 
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the injection pressure in repeated cycles, rather than injecting the solvent at constant pressure (Das 
1995; Muhamed et al. 2012 and many others). Interestingly, Das 1995 revealed that the imposed 
pressure change over time led to an at least two-fold increase in the VAPEX numbers (Ns) causing the 
oil rates to increase significantly. More recently, Muhamed et al. 2012 investigated the influence of 
pressure cycling in a series of experiments performed in pressure vessels utilizing propane as a solvent. 
The experimental conditions and the mass of propane were monitored with time using a data 
acquisition system. They found that the temporal variation of the pressure with time improves the 
efficiency of the process by ~10% compared to experiments with a constant injection pressure. This is 
mainly attributed to the increase in the steady-state diffusional mixing with the reduction in solvent 
injection pressure, for a gravity dominated flow.  
 
Fig ‎2.15. Comparison of cumulative oil produced versus time for a run applying a uniform constant injection 
pressure and a second run with pressure pulsing (the model height is 25 cm; the oil viscosity is about 14,500 
mPa.s; and the permeability of the model is about 204 Darcys). The injection pressure of propane was changed 
instantly with time from 690 kPa to 275 kPa within a period of 13 minutes (from Muhamed et al. 2012).  
2.4 Comparison between VAPEX and SAGD: 
VApour Extraction of heavy oil (VAPEX) and Steam Assisted Gravity Drainage (SAGD) are 
analogous. In both processes a pair of long horizontal wells is drilled on top of each other, close to the 
bottommost part of the formation. The steam in SAGD, or solvent in VAPEX, are injected in the upper 
well and the vapour chamber rises to the top of the reservoir–due to the very low injection pressure and 
the high density difference, gravity prevails and the vapour is completely segregated from the oil, 
except at the diffusive boundary where vertical equilibrium prevails. The reduced viscosity oil from the 
diffusion layer (i.e. the transition zone at the edge of the vapour chamber between either the steam-oil 
in SAGD or the solvent-oil in VAPEX) is drained to the producer underneath it by gravity. Butler and 
Mokrys (1981, 1985, 1994), Butler 1991, and Mokrys and Butler 1993 suggested that the reduction in 
heavy oil viscosities during SAGD is influenced only by heat conduction (i.e. ignoring any heat 
convection effects), as described in Fig ‎2.15. For VAPEX, however, Butler and Mokrys (1989, 1991 
1993a-b, and 1998) assumed that only molecular diffusion is responsible for the viscosity reduction in 
the diffusive boundary, since the fluids were First-Contact Miscible (FCM) and the effect of convective 
dispersion was overlooked.  
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Fig ‎2.16. A schematic representation of the process of Steam Assisted Gravity Drainage (SAGD) (Butler 1991) 
Comparing the performance, and specifically the stabilised oil rate, of the two gravity based 
methods, it appears that VAPEX may be technically less attractive than SAGD, particularly since the 
mass diffusivity between the solvent and the heavy oil is at least 4 to 5 orders of magnitude lower than 
the thermal heat conduction of steam, even when considering a gaseous solvent rather than liquid and 
incorporating convective dispersion (Ktotal), (e.g. Yang, and Gu 2005; Afsahi and Kantzas 2007; 
Nenniger and Dunn 2008). 
  As the earlier chapters of this thesis have shown, however, it is very unlikely that molecular 
diffusion is the only factor contributing to the mixing of the miscible solute in the porous media 
(Boustani and Maini 2001; Alkindi 2011; Javaheri and Abedi 2013). Given that convective dispersion 
in porous media is enhanced with velocity variation and induced pressure gradient (Bear 1972; 
Brigham et al. 1961; Boustani and Maini 2001; Das 2005; Alkindi 2010, 2011), spatial variations in the 
permeability distribution and heterogeneity cause local velocity variations (Blackwell et al. 1962; 
Perkins and Johnston 1963; Jha et al. 2006, 2009; Yang 1992; Adepouj et al. 2013). Moreover, as many 
studies have shown, the field scale measured dispersivities from tracer trials increase almost linearly 
with scale (e.g. Gelhar et al. 1992; Mahdevan et al. 2003).  
Furthermore, many experimental studies have shown higher than anticipated physically measured 
oil rates from VAPEX compared to the analytical derivation, and numerical simulations have been able 
to reproduce these rates fairly well. This suggests that there is a deficiency in the Butler and Mokrys 
(1989) analytical solution rather than in our understanding of the physical process of VAPEX. 
Additionally, according to experimental and numerical studies, the VAPEX process has many 
promising aspects that make it most suitable for scenarios where SAGD tends to be unsuccessful due to 
either technical or economic reasons.  
Farouq-Ali (1997) listed some of the pitfalls in the theoretical derivation, and concerns about the 
process of SAGD, to be further investigated during the project development, including issues with 
condensate flow and associated domination of the effect of heat convection, the profound influence of 
geology that was detected in the real field scenarios (UTF, Dover project) and the gaps in the 
understanding of the changes in reservoir geomechanics and their effects on the process (this was also 
raised by Ito and Suzuki 1999).   
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For instance, one of the major challenges in SAGD, as in many other thermal methods, is the issue 
of heat losses to the over- and the under-burden, in addition to the loss of steam into lean zones or thief 
zones (Gupta and Gittins 2004, 2006). Heat losses are a major problem in SAGD, especially for very 
deep reservoirs, those with relatively high water saturations or those which have underlying aquifers or 
gas caps. 
A second perspective worth considering when comparing the two mechanisms is that mobilising tar 
requires a lot of steam at a very high temperature (200-260˚C). Nenniger et al. (2008) found that it 
needed 8 kg of steam to mobilize 1 kg of tar, while Das (1998) found that 3 kg of steam was required; 
this is primarily due to heat losses (Butler and Mokrys 1993a). Laboratory investigations, however, 
have found VAPEX to be highly energy efficient, suggesting that to dilute ~1 kg of tar only ~0.5 kg of 
solvent is required. It should also be borne in mind that most of the solvent injected during VAPEX can 
be recovered and recycled (Butler et al. 1995; Haghighat et al. 2013).  
In addition, from an economic perspective, the generation of steam from the combustion of fuels in 
SAGD accounts for nearly 30% of the total capital cost (Yazdani and Maini, 2004; Nenniger et al. 
2008). Furthermore, the operational cost of both VAPEX and SAGD includes the separation of solvent 
or water from the oil. In SAGD, however, the handling and treatment of the produced water requires 
larger surface facilities both in the form of steam generation plants and in a series of vapour-liquid 
separators to separate the steam from the liquid water. Furthermore, oil-water emulsions are difficult to 
separate (Zhao et al. 2004), whilst for VAPEX, it is much easier to separate the light hydrocarbons 
from oil by flash vaporization at low temperatures.  
There are also many environmental concerns in respect to SAGD. For instance the production of 1 
m
3
 from SAGD corresponds to a gross of nearly 1000 kg of emitted carbon dioxide (Das 1998). 
VAPEX, in contrast, causes less pollution and is a more environmentally attractive substitute since 
there is no fuel combustion involved and the process does not demand the use of freshwater resources. 
In VAPEX, carbon dioxide based solvents may be utilized to assist in reducing the atmospheric emitted 
CO2. These CO2 based solvents have been shown experimentally to perform more efficiently than 
methane based solvents (Talbi and Maini 2008; Trivedi and Babadagli 2009). CO2 is more soluble in 
heavy oil and has a relatively high saturation pressure and therefore could be optimized for high 
pressure reservoirs to maximize the oil recovery; indeed, according to several experimental 
investigations, there is likely to be less asphaltene participation with CO2 based solvents compared to if 
other solvents were used (Badamchi-Zadeh et al. 2009).  
An additional problem that may be encountered during SAGD is the reaction and swelling of clay 
when wetted with steam; the associated changes in concentration gradients cause the extraction of the 
iron from the macro voids which may in turn cause wellbore instability and drilling complications 
(Deriszadeh and Wong 2009).  
In terms of operations, the success of SAGD is highly reliant on monitoring the steam breakthrough 
and keeping the steam chamber within the reservoir by maintaining a temperature difference between 
the steam chamber and the produced fluids (i.e. condensate and oil). This mechanism is known in the 
literature as a steam trap (Ito and Suzuki 1999, 2004; Edmunds 2000; Chen et al. 2007, 2008; Gotawala 
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et al. 2010, 2012), in that the steam is trapped within the chamber and its breakthrough is hindered by 
reducing the temperature of the produced fluids, causing the formation of a liquid pool just above the 
producer. The height of this liquid pool is controlled by regulating the temperature difference between 
the steam and the produced liquids: the so-called inter-well sub-cool temperature difference. This 
process is thermodynamically challenging, especially since when the steam‘s saturation is increased, 
the gas-liquid relative permeability (krg) rapidly increases, becoming difficult to control. 
An additional operational drawback of SAGD is that injecting steam at relatively high operating 
pressures can be problematic. From a technical point of view, high injection pressures may be preferred 
in SAGD, since a higher steam pressure may possibly correspond to a higher steam temperature, and 
this tends to improve the thermal efficiency of the process, especially in over-pressured, deep 
reservoirs. High injection pressures also signify higher oil production rates and assist in lifting the 
produced fluids from the wellbore to the surface (Li et al. 2009, 2011). High steam injection pressures 
are also used to force the steam into the bitumen, which may help to accelerate the process and to 
displace the non-condensable gases away from the steam. Furthermore, injection of steam at high 
pressures which are close to the reservoir fracture pressures may cause a shear-induced-dilation with a 
potentially permanent disruption in the sand grain structure that leads to an improvement in the rock‘s 
compressibility and porosity, thus improving the permeability. This geomechanical process may in turn 
lead to an improvement in the performance of SAGD (Oldakowaski 1994). All these advantages of 
high injection pressures come at a price, however. As a number of studies have shown, high injection 
pressures can result in lower recovery factors, especially in more heterogeneous reservoirs, mainly due 
to confinement of the steam chamber with the presence of high permeability streaks (thief zones). In 
addition, there may be problems of high steam production due to flow instability and loss of the cap 
rock integrity, which can cause very high SOR (Collins 2007). 
Despite all these competitive advantages of VAPEX over SAGD, and the many drawbacks in the 
process of SAGD, VAPEX is still awaiting a successful field scale application. Singhal et al. 1996, 
proposed a guideline of screening between SAGD and VAPEX, and it has been emphasized that 
despite the great potential of VAPEX compared to SAGD, there are still significant gaps in our 
understanding of the process in the understanding process. The main issue in VAPEX is the anticipated 
lower recovery factors, due to the molecular diffusion; moreover, for high pressure reservoirs, solvents 
with lower dew point pressure than the reservoir may condense, causing even further reduction in the 
mixing. Furthermore, it seems that asphaltene precipitation would cause a serious damage for 
reservoirs with lower permeability.  
Since almost 80% of the oil sands are not technically suitable for surface mining operations 
(Berkowitz and Speight 1975) due to the deposits being deeper than 70 m (e.g. the deepest deposit is 
the Peace River Area which is 300 to 770 m below the surface), the industry has continued to resort to 
thermal methods to exploit heavy oils and bitumen. Table 2.1 lists the most recent and successful 
SAGD pilot projects that have been applied in the Canadian oil sands: 
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Table ‎2.1.Several recent successful SAGD projects implemented in the Canadian oil sands with a brief geological 
description of the formation (Redford 1987; Alberta Energy Annual report 2012-2013): 
SAGD Project / 
Operator and time  
Project Description Brief Description of Formation Properties 
Alberta Oil sands Inc. (2010) Clearwater West SAGD Production Phase 1 
-Net pay of Clearwater formation: 35-45 m.  
-Horizontal and vertical permeabilities are ~6.4 and 2.9 Darcys, respectively.   
-Porosity ~32%. Slightly heterogeneous with shally intervals. The 
distinguishing feature in this formation is the argillaceous glauconitic sand. 
Cenovus Energy. (2001-2013) Foster Creek SAGD project 
Within the upper and middle of the McMurry formation, the permeability is up 
to 8 Darcy. The porosity is 34%. The net pay is up to 30 m. Fining upwards 
fluvio-estuarine channel deposits. Thick channels sands in the upper unit. The 
defined SAGD intervals are as defined by Cenovus trough cross-bedded sands. 
BlackPerl Resource Inc. (2012) Blackrod SAGD oil Sands Project Phase 1 
-Cretaceous Lower Grand Rapids.  
- Thickness of 8 to 28 metre. Saturation is between 50% and 75%. Average 
porosity and permeability are about 33% and 3.2 Darcys, respectively. Large 
areal extent (shore face sands).  Predictable distribution of 
porosity and bitumen thickness. 
Cenovus Energy Inc. (2012-2016) 
Pelican Lake Grand Rapids SAGD Oil Sands Project Phase 
1 
-Net pay of lower Grand Rapids Unit 1 (L.GR1) is ~ 26 m. 
-Horizontal and vertical permeabilities are 3.02 and 3.45 respectively 
-Porosity ~36%. kv/kh=0.88.Sandy deltaic deposits bounded by thin regional 
shales. 
Connacher Oil & Gas Ltd. (2012-
2013) 
Great Divide SAGD Expansion Phase 1 
The formation is a thin reservoir, at best 25 m compared to the thickest 
McMurray which is 50 m. However, it is more homogenous, with fewer 
vertical barriers. kv/kh= >1. 2-5 Darcys permeability.   
 
Grizzly Oil Sands ULC. (2014-
2016) 
Algar Lake SAGD Oil Sands Project Phase 1 
Within the McMurray formation  
 
Husky Energy Inc. / BP PLC. 
(2011-2014) 
Sunrise Thermal Project' SAGD Oil Sands Project Phase 1 
Limited (JACOS) / Nexen. 
Inc.(2012-2013) 
Hangingstone SAGD Commercial Production Project 
Marathon Oil Canada Corp. 
(2013-2015) 
Birchwood' SAGD Oil Sands Project 
MEG Energy Corp.(2011-2013) 
Christina Lake SAGD Project Phase 3 Stonefell Terminal 
(Bitumen / Diluent Storage Facility) 
Southern Pacific Resources Corp. 
(2013-2016) 
McKay SAGD Project Phases 2A and 2B 
-Within the lower Mannville group, this is an inferred valley system with a sub-
cretaceous unconformity. The net pay is nearly 10 to 27 m. TVD:80-135m. 
Netpay: 15-30 m. Average porosity ~34. Average horizontal and vertical 
permeability respectively are 10 and 3 Darcys.  
-The porosity is ~8-12%. This formation is highly heterogeneous. The core 
permeabilities range from 0.03 to 3.7 Darcy. The vertical permeability range 
0.1-0.85 Darcys 
Devon Canada Corp. (2013-2015) Walleye Oil Sands Projects (SAGD) Phase 1 Within the McMurray formation 
Husky Energy Inc. / BP PLC. 
(2011-2013) 
Sunrise Thermal Project' SAGD Oil Sands Project Phase 1 Within the McMurray formation 
 
Recently, due to the escalation in the cost of the fuels, many SAGD hybrid schemes have been 
developed employing co-injection of solvents so as to reduce the amounts of steam required. In ES-
SAGD for instance, both heat conduction and solvent diffusion work to reduce the oil viscosity, yet 
heat conduction remains the dominant mechanism in reducing the heavy oil viscosity. A further 
advantage of this innovative process is that lower heat loss problems are expected, since the solvent 
film coating the boundary of the steam front may act as a heat insulator, preventing a drop in the 
temperature of the steam. 
2.5 Advantages of VAPEX:  
Experimental and simulation studies have suggested that vapour extraction of heavy oil and 
bitumen has a lot of potential compared to thermal methods.  
For instance, one of the major challenges in SAGD, as in many other thermal methods, is the issue 
of heat losses to the over- and the under-burden (Butler and Mokrys 1989, 1991, 1993a-b and Das 
1998), in addition to the loss of steam into lean zones or thief zones (Gupta and Gittins 2004, 2006). 
This is a particular issue in thin reservoirs
9
, very deep reservoirs and those with relatively high water 
                                                          
9
 For instance many of the Lloydminster heavy oil reservoirs are unsuitable for SAGD, primarily because they are relatively thin 
Butler and Mokrys 1993. 
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saturations, or which have underlying aquifers or gas caps. This could increase the required SORs 
leading to an increase in the heat intensity of the process. 
A second perspective worth considering when comparing the two mechanisms is that to mobilize 
tar requires a lot of steam at a very high temperature (200-260˚C). Nenniger and Dunn (2008) found 
that 8 kg of steam was required to mobilize 1 kg of tar, while (Das 1998) found that 3 kg of steam was 
required; these high ratios are primarily due to heat losses (Butler and Mokrys 1993a-b). Conversely, 
laboratory investigations have found that VAPEX is highly energy efficient compared to SAGD, 
suggesting that to dilute ~1 kg of tar only ~0.2-0.5 kg of solvent is required (Butler and Mokrys 
1993b). It should also be borne in mind that most of the solvent (30-70%) injected during VAPEX can 
be recovered by pressure blow-down and then recycled (Butler et al. 1995; Haghighat et al. 2013).  
According to experimental studies, VAPEX appears even more efficient with the presence of a 
minor amount of connate water saturation 5-7% (owing to the improvement in solvent spreading). 
Etminan et al. 2008 concluded that connate water saturation accelerated the lateral spreading of the 
solvent chamber in the reservoir and speeded up the communication between the wells, leading to 
better oil drainage rates. Since the solvent is insoluble in water, the loss of the solvent in the net pays 
bounded with aquifer is minimal. Moreover, the presence of mobile water may speed-up the 
communication between the wells. There is some debate about these results, however, since Das 1995, 
who performed VAPEX experiments with initial water saturations of 12% and 16%, respectively, 
found that the oil drainage rates were unfavourably affected by the presence of water saturation. This is 
most likely due to the reduction in the amount of oil with the increase in water saturation (since the oil 
drainage oil rates are directly related to the amount of oil). Similarly, according to Tam‘s 2007 
experimental study, the performance of VAPEX declined by ~8 % with a 7% initial water saturation.  
Butler and Mokrys (1998) studied the process of VAPEX experimentally in sand packs with a 
bottom-water aquifer, using ethane and propane as a solvents. Since the solvent is insoluble in water, 
no solvent was lost to the aquifer; moreover, the solvent spread between the water and oil contact, 
leading to higher diffusivities due to the enhancement in the oil-solvent contact area. Frauenfeld et al. 
(2006) performed similar experiments to assess the effect of a bottom water aquifer on the process of 
VAPEX. The injector well was located at the oil-water interface, whilst the producer was horizontally 
offsetting the injector. The findings showed that the presence of a bottom aquifer improved the oil 
drainage rates significantly, due to the acceleration of the solvent diffusivity. On the other hand, high 
water saturations and the presence of the aquifer support may cause a significant drop in the 
performance of SAGD (once the steam chamber is in contact with the water zone) Sugianto and Butler 
(1991), Butler and Jiang (1996).  
In the two gravity-based mechanisms, VAPEX and SAGD, one of the most critical factors in 
determining how successful the process might be is the ability to confine the steam or solvent chamber 
in the reservoir (Singhal et al. 1996). In this regard, site-specific features such as the pay zone 
continuity, reservoir heterogeneity (including the localised sand bodies) and the shape and the structure 
of the pay zone may each influence the confinement of the solvent/steam chamber. 
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There are also many environmental concerns in respect to SAGD. For instance the production of 1 
m
3
 from SAGD corresponds to a gross of nearly 1000 kg of emitted carbon dioxide (Das 1998). 
VAPEX, in contrast, causes less pollution and is a more environmentally attractive substitute since 
there is no fuel combustion involved and the process does not demand the use of freshwater resources. 
In VAPEX, carbon dioxide based solvents may be utilized to assist in reducing the atmospheric emitted 
CO2. These CO2 based solvents have been shown experimentally to perform more efficiently than 
methane based solvents (Talbi and Maini 2008; Trivedi and Babadagli 2009). CO2 is more soluble in 
heavy oil and has a relatively high saturation pressure and therefore could be ideal for high pressure 
reservoirs to maximize the oil recovery; indeed, according to several experimental investigations there 
is likely to be less asphaltene participation with CO2 based solvents compared to if other solvents were 
used (Badamchi-Zadeh et al. 2009). 
Compared to SAGD, the capital cost of VAPEX is anticipated to be 25-30% less, with an operating 
cost which is 50% lower (NEB 2004).  Das 2002 estimated the supply cost of extracting Athabasca 
with propane to be about 9$ per barrel, which is much lower than the supply cost of other heavy 
recovery processes including SAGD (NEB 2006) (as listed in table below). Moreover, unlike in SAGD, 
the VAPEX process does not require steam generation or water treatment cells before and after 
production (for produced water de-oiling and wastewater treatment) and the facilities at the surface 
take up less space than in SAGD, making it more convenient for offshore reservoirs.  
Table ‎2.2.The supply costs of the current heavy oil and bitumen recovery processes (from NEB 2006): 
Recovery process crude type 
Supply cost 
(CD$/bbl) 
Cold production –Wabsca seal Bitumen  14-18 
Cold heavy oil production with sand Bitumen  16-19 
Cyclic steam stimulation Bitumen  20-24 
Steam assisted gravity drainage Bitumen  18-22 
Mining/extraction Bitumen  18-20 
Integrated mining/upgrading Synthetic  36-40 
In terms of operations, the success of SAGD is highly reliant on monitoring the steam breakthrough 
and keeping the steam chamber within the reservoir by maintaining a temperature difference between 
the steam chamber and the produced fluids (i.e. condensate and oil). This mechanism is known in the 
literature as a steam trap (Ito and Suzuki 1999, 2004; Edmunds 2000; Chen et al. 2007, 2008; Gotawala 
et al. 2010), in that the steam is trapped within the chamber and its breakthrough is hindered by 
reducing the temperature of the produced fluids, causing the formation of a liquid pool just above the 
producer. The height of this liquid pool is controlled by regulating the temperature difference between 
the steam and the produced liquids; the so-called inter-well sub-cool temperature difference. This 
process is thermodynamically challenging, especially since as the steam‘s saturation is increased, the 
gas-liquid relative permeability (krg) rapidly increases, becoming difficult to control. 
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Fig ‎2.17. A schematic of a vertical cross-sectional view of a steam chamber with the well configuration for a 
SAGD process, demonstrating the steam trapping mechanisms and showing the sub-cool liquid pool (Gotawala et 
al. 2012). 
An additional operational drawback of SAGD is that injecting steam at relatively high operating 
pressures can be problematic. From a technical point of view high injection pressures may be preferred 
in SAGD, since a higher steam pressure may possibly correspond to a higher steam temperature, and 
this tends to improve the thermal efficiency of the process. High injection pressures also signify higher 
oil production rates and assist in lifting the produced fluids from the wellbore to the surface (Li et al. 
2011). High steam injection pressures are also used to force the steam into the bitumen, which may 
help to accelerate the process and to displace the non-condensable gases away from the steam. 
Furthermore, injection of steam at high pressures which are close to the reservoir fracture pressures 
may cause a shear-induced-dilation with a potentially permanent disruption in the sand grain structure 
that leads to an improvement in the rock‘s compressibility and porosity, thus improving the 
permeability. This geomechanical process may in turn lead to an improvement in the performance of 
SAGD (Oldakowski 1994). 
All these advantages of high injection pressures come at a price, however. As a number of studies 
have shown, high injection pressures can result in lower recovery factors, especially in more 
heterogeneous reservoirs, mainly due to confinement of the steam chamber with the presence of high 
permeability streaks (thief zones). In addition, there may be problems of high steam production due to 
flow instability and loss of the cap rock integrity, which can cause very high SOR (Collins 2007). 
An additional problem that may be encountered during SAGD is the reaction and swelling of clay 
when wetted with steam (where there is more than 10% swelling clay content); the associated changes 
in concentration gradients cause extraction of iron from the macro voids which may in turn cause 
wellbore instability and drilling complications (Shin and Polikar 2005; Deriszadeh and Wong 2009). 
An additional advantage of VAPEX over SAGD is the in-situ upgrading of the oil by the 
deasphalting process, which implies a more efficient transportation of the extracted crude. Asphaltene 
precipitation occurs at pressures closed to/or higher than the vapour pressure of the hydrocarbons and 
this can lead to a significant reduction in oil viscosity (Fig ‎2.18). Butler and Mokrys 1993a-b 
investigated this process through a series of experiments using propane as a solvent with both Cold 
Lake bitumen and Lloydminster heavy oil. They found that bitumen viscosity was substantially 
improved by the deasphalting process. According to the visual observations of the experiment, at 
injection pressures higher than the vapour pressure, asphaltene resulted in a reduction in the oil 
drainage rates.  Das and Butler 1994 carried out a set of experiments in Hele-Shaw cells to investigate 
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the deasphalting process. In these experiments, saturated propane was brought into contact with various 
heavy oils, while maintaining a constant temperature during the experiments. Interestingly, it was 
observed that the precipitation occurred in ―bands‖ consisting of layers of asphaltene. Whilst the 
diluted (and deasphalted) oil flowed below the asphaltene bands, along the interface, as the vapour-
liquid interface fell the asphaltene was left behind. Das and Butler concluded that asphaltene deposition 
does not impair the oil drainage rate. As can be observed from Fig ‎2.18, at 20  C Cold Lake oil 
viscosity, with an original asphaltene content of 16.7%, dropped from 65,000 mPa.s to 4,000 m.Pa.s at 
zero asphaltene content. Etminan et al. 2010 showed from their experimental study that higher propane 
injection pressures (above 814 kPa) did not further improve the oil production rates. This was mainly 
due to the permeability damage caused by asphaltene precipitation. Moreover, the injection of toluene 
into the production well (to dilute the asphaltene and remove the near well damage) did not appear to 
improve the oil drainage rates. 
 
Fig ‎2.18. Variation of oil viscosity with asphaltene content for Cold Lake Bitumen. Most of the deasphalting takes 
place at the interface between the solvent and heavy oil, as per the minimum required solvent concentration (after 
Das and Butler 1994). 
2.6 Innovative techniques: 
In accordance to the investigations that have been discussed in this thesis, it appears that 
VAPEX can be technically efficient only for very good reservoirs (i.e. reservoirs with good net pay 
and excellent horizontal and vertical permeabilities), provided also that the dispersivity values are 
in the range of the field-scale measured dispersivity from tracer tests. There are also many 
shortcomings in SAGD which limits its efficiency especially in thin, deep reservoirs or reservoirs 
with aquifers. It is recommended, therefore, to investigate the efficiency of innovative techniques 
of exploiting heavy oils, which combine some of the great benefits of the solvents (e.g. the low 
energy intensity of the process), while combining the thermal influence of steam in accelerating the 
process of extracting the oil and de-risking the use of solvent alone, as in the process of VAPEX. 
One of these techniques, which has been recently introduced, is the ES-SAGD: 
 (ES-SAGD): Expanding Solvent Steam Assisted Gravity Drainage: 
Due to the many un-resolved uncertainties associated with the process of VAPEX (despite its great 
potential), many studies have been performed with the aim of improving the performance of SAGD, 
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especially in tackling the heat loss issues and the associated problems with high Steam to Oil ratios 
(SORs). Some of these studies have suggested that these shortcomings might be resolved by changing 
the well configurations and the operational conditions (Das 2005; Miller and Xiao 2008; Stalder 2009; 
Mojarab et al. 2011). Other studies, meanwhile, proposed that co-injection of steam with low 
concentrations of vaporized, yet condensable, hydrocarbon solvents is the most promising practice for 
improving the efficiency of SAGD (Bracho and Oquendo 1991; Nasr et al. 2003; Gupta et al. 2005; 
Gupta and Gittins 2006; Leaute and Carey 2007; Orr  2009; Boone et al. 2011). This mechanism is 
referred as ES-SAGD and was first introduced by Nasr et al. 2003. The results for the ES-SAGD 
process from physical 2D models with the viscous live Cold Lake oil showed a significant 
improvement in oil rates, reduction in residual oil saturations (ROS) and faster segregations of the 
vapour chamber (Nasr and Ayodele 2006).  
The role of the co-injection of solvent with steam is to reduce the SOR values, which may be higher 
where steam is injected alone, thereby reducing the energy intensity of the process. In addition to a 
reduction in the viscosity of the heavy oil by both heat conduction and mass diffusion, selecting a 
volatile solvent with good solubility at the operating conditions is important (Deng et al. 2010). Field 
trials have proved the efficiency of the Expanding Solvent Steam Assisted Gravity Drainage (ES-
SAGD) process in improving recovery factors and minimizing steam requirements (e.g. The Senlac 
2002 and the Christina Lake 2004 projects both operated by EnCana, the LASER or Cold Lake 2002-
2007 project operated by Imperial Oil, Firebag project operated by Suncore, Jha 2013), this is 
described in . 
 
Fig ‎2.19. Schematics showing a comparison between the speed of the three mechanisms of VAPEX, SAGD and 
ES-SAGD, represented as the size of chamber spreading. The difference of the thickness of the diffusion boundary 
from the three processes with solvent, steam and steam with solvents is roughly intend to indicate the expected 
diffusional boundary of the three process. 
The ES-SAGD process is complex, however, and requires a thorough understanding of the right 
solvent to implement with an effective steam to solvent ratio as well as the operational constraints to 
apply. In this regard, if we consider the Firebag 2005 field trial performed by Suncore in the Long Lake 
Canada, the optimum solvent selected for the project was composed from heavy petroleum fractions 
(C7-C12) combined with steam. In this case, however, in spite of the relatively high oil rates achieved 
(~110 m
3
/day), the project was terminated due to operational problems and hence no further 
improvement in recoveries was observed (Orr 2009). A second example is the Senlac project where, in 
spite of a reported 50% improvement in oil rates within two months, following the replacement of the 
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solvent with butane, once again the trial was terminated due to severe pressure drops and loss of 
reservoir containment (this is more likely related to the applied operational constraints since very high 
SORs were reported ~70% from injected Butane was recovered, Gupta et al. 2004, 2005, 2006). 
Regardless of the high efficiency of the process it seems that the operational details are quite 
challenging.  
 Other techniques that have been recently suggested to improve the performance of conventional 
SAGD, including the use of foam-like steam, combing the advantages of chemical with thermal EORs.    
 (FA-SAGD): Foams Assisted-SAGD 
Foam-assisted steam SAGD is an innovative technique which involves the injection of 
alkalines/surfactants with steam, either continuously or periodically, to produce a foamy steam 
(Kovscek et al. 1997; Chen et al. 2010 and many others).  
This modified foamy texture of steam is expected to reduce the mobility of the steam and thus 
impair its production by gravity drainage. Due to gravity, the liquid saturation within the modified 
steam chamber tends to increase vertically downwards. This would produce a wetter steam with a 
lower quality in the interwell region (i.e. The lower portion of the steam chamber), whilst the quality of 
the steam is expected to improve upwards with a gradual drop in liquid phase saturation. The foam 
generation rate is anticipated to increase proportionally with an increase in the liquid‘s phase velocities; 
therefore the strength of the foam is directly correlated to the liquid saturation. With the injection of the 
surfactant solution, a fine strong foam is created in the interwell region, whilst the strength of the foam 
decreases upwards, producing a coarse weaker steam. Consequently, the flow resistance of the steam at 
the near well region will increase with an increase in liquid phase saturation (Chen et al. 2007), which 
can in turn serve to preserve the steam (i.e. steam trap control) in the reservoir and reduce the steam 
flow to the producer.  
The second role of FA-SAGD is so-called ―conformance control‖, since foam has the ability to 
divert the flow of the foam-like steam from high permeability depleted regions (without oil), allowing 
the penetration of low permeability regions instead. This is due to the formation of strong foam in these 
high permeability depleted conduits, which blocks the flow of the steam chamber from this area. This 
is very useful in ensuring a uniform flow of steam throughout the horizontal sections of the well, which 
is a great challenge in SAGD due to the permeability heterogeneity (Zhang et al. 2007).  
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Fig ‎2.20. Schematic showing the FA-SAGD process and the foam characteristics (modified after Chen et al. 2010) 
A study by Chen et al. (2010) using numerical simulation found that due to the proposed 
mechanisms (i.e. (i) reduction of the steam production rate by up to five times via steam trapping, (ii) 
and an improvement in the ability of the steam to overcome the influence of heterogeneities by 
blocking the high permeability zones with less oil saturation and sweeping tighter zones) the oil 
production rates increased by nearly 30% and the SORs were significantly reduced. 
In addition to these two methods there are many other techniques that have been suggested to 
improve the SAGD process, such as: Single Well SAGD (SW-SAGD), Steam and Gas Push (SAGP), 
and Fast-SAGD, these also would repay further study. 
Summary: 
The main conclusions that can be drawn from the above discussed literature:  
 According to Butler and Mokrys (1989-1993) investigations into the process, the following key 
points were found:  
i. The established semi-analytical derivation was able to predicate the oil drainage rates from 
Hele-Shaw experiments, only for the lower permeability range (k
1/2
<35
1/2 
Darcys
1/2
). 
Although, for higher permeability models, the analytical estimates were higher than 
physical measured rates
10
. 
ii. The oil rates from Hele-Shaw experiments were considerably lower, with recovery factors 
of ~1-5%. The remarkable observation from these investigations, however, is that the oil 
drainage rates obtained from sand pack models with vaporized propane alone led to higher 
oil drainage rates than would be expected. The results did, however, show a practical 
Solvent-to-Oil ratio (0.12-0.30 m
3
/m
3
).  
 According to the more recent (numerical and experimental) studies on VAPEX, we can conclude 
the following main points:  
                                                          
10
 It is worth noting here that the analogue semi-analytical equation for predicting SAGD oil drainage rates was also found to be 
slightly overestimating the oil drainage rates from Hele-Shaw equations. The constant ―2‖ in the equation has been reduced to 
―1.3‖ to history match the rates –this is referred to as the modified Butler‘s 1994 ―Tandrain equation‖.   
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i. VAPEX has many technical, economic and environmental advantageous features over 
SAGD, especially from the point of view of the negligible heat losses. 
ii. Most of the previous studies obtained higher physical oil drainage rates compared to the 
analytical estimates form the Butler-Mokrys semi-analytical derivation.  
iii. The discrepancy between the physical and the analytical estimated oil drainage rates, are 
most likely justified by (a) the enhancement in the mass transfer by convective dispersion in 
the porous media (QVAPEX   KL,T  αL,T v –rather than Dm alone), as well as (b) a higher 
dependency of the oil drainage rates on the reservoir height   
      
   -   . Impact of these 
two parameters, i.e. reservoir drainage height (h) and the effective dispersion (K) in the 
VAPEX process have been the focus of most of the existing studies.   
The preceding sections have focused on explaining the mechanisms of mixing due to both diffusion 
and dispersion, due to its important role in the process. These two subjects are extremely broad and 
have been extensively investigated; here, therefore, we have covered only the diffusion and dispersion 
in relation to the process of VAPEX.  
2.7 Diffusion in porous media:  
When two miscible fluids are in contact with a sharp interface they will slowly diffuse into each 
other, developing a mixed zone in between. This is regardless of the flow velocity (advection or 
convection), owing only to the random motion of the molecules as a result of thermal kinetic energy 
(Brownian motion). Fig ‎2.21 demonstrates the diffusion of a liquid in a liquid over time in Hele-Shaw 
cells (after Pringle et al. 2002). 
 
Fig ‎2.21. Snapshots of a series of concentration profiles over time (less dense sucrose solution overlying a quite 
dense sodium chloride solution, each fluid had a different diffusion: Dsucrose=4.88×10
-10 m2/s, DNacl=1.48×10
-9 
m2/s), during a diffusion experiment performed in a Hele-Shaw cell (25.4 cm×16.3 cm). The growth in the 
perturbations with time is caused by the instabilities in the densities as well as the diffusion (after Pringle et al. 
2002). The figures were taken by a CCD camera (Charge Coupled Device) that detects transmitted light and 
converts it into electrical charge, to display the concentrations. In a) t* (dimensionless t*=DT/H
2) =4.03×10−5 and 
concentration of the salt/dye transferred upwards of the centreline of the cells, is about C/Co=1%; b) t*= 1.31×10
−4, 
C/Co=0.05; c) C/Co=0.1, t*=2.21×10
−4; d) C/Co=0.15,t*=3.22×10
−4.  
This was first proposed by Fick 1855. He re-discovered the analogy between mass diffusion and 
heat conduction, and simply replaced the temperature gradients in Fourier‘s equation by a 
concentration one, after attempts to derive the diffusion from the forces between particles in a solution 
d) 
b) 
c) 
a) 
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Tayrrell 1964. This led to the hypothesis that the mass flux J (moles/cm
2
s) is proportional to the 
concentration gradient, as described in equation
11
: 
               …………………………………………………………………………………(2.20) 
Where C is the concentration (moles/cm
3
) and Dd is the diffusion coefficient (cm
2
/s). This implies that, 
for non-steady state diffusion, the coefficient is independent of the position (i.e.
         
  
  
 
 
  
  
  ). The 
concentration gradient in one dimension can then be described by the following expression, which is 
known as Fick‘s second law (derived from the first law, applying the mass conservation rule and no 
chemical reaction flow (i.e. 
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 …..……………………………………………………………………………..…....(2.21) 
where 
   
  
 is the concentration change with time, D is the diffusion coefficient and 
 
 
  
  
  is the change in 
concentration gradient with respect to position. As has been mentioned earlier, the equation is a direct 
analogue of the heat condition equation, and thus can be solved for specific boundary conditions. For 
instance, considering the easiest solution of the equation, proposed by Crank 1975 and Carslaw and 
Jaeger 1959 and many others, assuming a semi-infinite domain, with initial concentration to be zero 
(Co=0), the concentration at time (t) can be described by the known Complementary Error Function 
solution ‗‗ERF‘‘, as in equation:  
  
 
 
       
 
 √  
  …………………………………………………………………………….(2.22) 
where the error function is defined as follows: 
     
 
    
∫        
 
 
      .............……….………………………………..……….………….(2.23) 
2.7.1 Measuring the diffusion during VAPEX:  
In recent years, extensive theoretical and experimental methods have been developed for measuring 
gas-liquid diffusion. Theoretical methods for measuring diffusion include hydrodynamic theory, kinetic 
theory, statistical mechanical methods and irreversible thermodynamic theory (Poling et al. 2001). 
Experimental approaches for measuring gas-liquid diffusion, meanwhile, are grouped into conventional 
and unconventional methods (Schmidt et al. 1982, 1989; Nguyen and Farouq-Ali 1998). In 
conventional experiments, the effluent of gas mixed in oil is sampled over time and location in order to 
measure the gas mole fraction (using gas chromatography or nuclear magnetic resonance, NMR). In the 
nonconventional methods the diffusivities are indirectly measured from different properties (i.e. 
refractive index, visualisation of the rates, interface position, cell pressure and other methods) and then 
converted to compositions (Renner 1988; Riazi 1996; Fu and Philipis 1979; Yu 1984; Denoyell and 
                                                          
11
 The negative sign in Fick‘s law corresponds to the direction of the flux is in opposite direction of increasing concentration.  
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Bardon 1984; Grogan 1988; Zhang et al. 2000; Boustani and Maini 2001; Upreti and Mehrotra 2000; 
Upreti 2000; Upreti et al. 2007).  
Due to the significant role of the diffusion of solvent into the oil in the process of VAPEX, 
measuring the diffusivity of the different gaseous solvents into the heavy oils and bitumen has been the 
focus of many studies investigating the VAPEX process (e.g. Dunn et al. 1989; Das and Butler 1995, 
1996, 1998). In the literature on measuring the diffusion of solvents into heavy oil during the VAPEX 
process, the pressure decay method is the most common approach followed by (Riazi 1996; Upreti and 
Mehrotra 2000, 2002; Zhang et al. 2000). The experiment is performed under constant temperature in a 
cell of constant volume, where the solvent (gas) has been introduced, while observing the drop in 
pressure with time. The mathematical analysis required to solve the pressure and composition 
dependent diffusion, as well as the changing interfacial concentration can be complicated, however. 
Some examples of these attempts are:  
Hayduk et al. 1973 measured the diffusivity for different liquids and correlated it with the 
corresponding viscosity values. The experiments were performed in a capillary cell, sealed into a glass 
tube, which was equipped with two vacuums to fill and suction the cells with the solvent, whilst the 
other portion of the capillary was joined to a second capillary. Both cells were found to be equally 
satisfactory. The cells were completely filled with the liquid up to a set level and immersed in a 
constant temperature bath. Then propane was injected gradually, while allowing a steady-state 
concentration profile to form. The diffusivity of propane was described by the following equation: 
D=0.591(10
-10
) µ
-0.545, which applies for any temperature between 0 and 50  C.  
Hayduk and Minhas 1982 showed that the diffusivity of the coefficient of paraffin solutes can be 
described as follows:          -        
     
 
    
  
-      
, where the diffusivity is expressed as a function 
of temperature (T), the molar volume (Va) of the solvent (Vs) and the viscosity of the oil ( ) in the 
media. 
Hayduk and Change‘s 1973 correlation showed that the diffusivity of propane and butane can be 
represented as follows:           
-   -     and            
-  -    , respectively, where   in the 
correlation is live oil viscosity.  
Wilke-Chang 1955 modified the Stokes-Einstein 1856 equation (i.e. T/D  =1.004×107 V1/3, where 
V is the molar volume) into the following form: D=const.TM
1/2
/  V0.6. Their correlation is described in 
Eq. 2.24, which provides the diffusivity of a solvent (with a molar mass MB) and a viscosity of    into 
a reservoir fluid with a molar fluid volume VA, where   is the association parameter, equivalent to 1 for 
most of the hydrocarbons, and T is the reservoir temperature:  
    
             
    
 
 
  
   
 ………………………………………………………………………(2.24) 
Upreti and Mehrotra 2000, Upreti 2000 and Upreti et al. 2007 used pressure decay closed system 
experiments to measure the diffusivity of the different gasses into liquid Athabasca heavy oils (carbon 
dioxide, methane, ethane and nitrogen), within a temperature range between 25 and 90  C, and a 
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pressure between about 4 and 8 Mpa. The experimental algorithm was based on converting the pressure 
versus time data into the mass flux, using the PVT relationship (Soave 1972), and knowing the density 
of gas-oil data mixtures (which were converted to concentrations). The study revealed that the 
diffusivities of these gases were within the order of magnitudes of the gas diffusivity into hydrocarbon 
gases (Reid et al. 1978). Moreover, as expected, the experiments showed that the gas diffusivity 
generally increased with temperature and pressure. The diffusivity of solvents in Athabasca oil was 
represented by the correlation: ln(D)=do+d1(T+273), and the constants do and d1 were listed in the 
study for each gas.  
Yang and Yongan 2006 applied the Dynamic Pendant Drop Volume Analysis (DPDVA) method to 
measure both the diffusion and swelling factor of heavy oil-solvent systems. Moreover, their method 
allows the measurement of the diffusion and swelling factor at very high pressures. It was concluded 
from the study that the diffusion coefficients of carbon dioxide, methane, ethane, propane and their 
mixtures, increase with an increase in pressure, Moreover, the study confirmed that the maximum 
diffusivity increase was near the dew-point pressure, which suggests that injecting the solvents at 
pressures close to their dew-point would maximize the viscosity reduction, which agrees with the 
findings of Mokrys and Butler 1993a. 
In a more recent study, Luo and Kantzas 2008 designed small scale experiments (250 cm
3
 
cylindrical high pressure cell) to measure the diffusion of solvent in heavy oil for sand packs. The 
diffusion process was captured using the CT scanner and X-ray tomography technique in order to show 
the solvent oil mixture. The lower half of the sand pack was filled just with oil, whilst the upper half 
was filled with solvent. The cylinder was then scanned at one hour time intervals for the first twelve 
hours, and then every three hours towards the end of the experiments. The CT number profiles were 
then converted to the density profiles using the calibrations graph, and the densities were converted to 
the concentration. The same study proposed that this method can be used to measure the diffusion in 
heterogeneous models, and also, from the obtained diffusivity values, to calculate the cementation 
factors in Archi 1942 equation.  
2.7.2 Diffusion in porous media:  
 Where diffusion occurs in porous media, however, the net plane available for flow is restricted by 
the interconnected tortuous pore space (Le/L), thus the apparent diffusion in porous media was 
proposed to be about Dapp/Do   √        , assuming a simple 45 flow model (Carman 1937; 
Blackwell 1961; Brigham 1961; Parkins and Johnson 1963). Brigham 1961, proposed that since 
diffusion is analogous to the electrical resistivity, (as was detailed earlier), the diffusion is possibly 
related to the electrical formation factor (F) through the well-known Archi‘s 1942 equation:  
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……...……………………………………………………..…………….(2.25) 
where F=a/  , and the constants ‗‗a‘‘  and ‗‗m‘‘ are cementation factors, and are reliant on the 
lithology and rock type. According to the experimental findings, the term 1/F  was found to range 
between 0.15-0.7 (Pirson 1947), and it is lower in very tightly consolidated rock (e.g. low porosity 
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chalk and dolomites 1/F  will be around 0.30-0.24) whilst for loose sands and limestones the term is 
about 0.70 (Boustani 2001). This is represented in Fig ‎2.22.  
 
Fig ‎2.22. Apparent diffusion coefficients for different packs with granular material, compared to the proposed 
standard 45 flow model (modified from Perkins and Johnston 1963). 
2.8 Dispersion in porous media: 
Diffusion and dispersion in porous media, for miscible flow, have been extensively investigated by 
many studies due to their significant role in EORs, particularly in VAPEX (Das and Butler 1994; 
Boustani and Maini 2001; Alkindi 2011). Moreover, mixing by diffusion/dispersion has a significant 
role in hydrology and water-containments transport – either by salt water intrusion or through industrial 
and nuclear wastes (Flowers and Hunt 2007). It is also important in flow and reaction in packed 
chemical reactors (Bernard and Wilhelm 1950). Mixing due to molecular diffusion tends to lose its 
effect with larger fluid velocities as other mechanisms come to dominate (Saffman 1959; Dullein 1979; 
Bear 1988; Sahimi 1995, Coelho et al. 1997; Maier et al. 2000; Bijeljic et al. 2004; Delgado 2007). 
Dispersion is basically the mixing induced by the convective current as a result of the flow of a 
solute with a velocity in the porous media, which is in turn controlled by a range of other factors, 
including: molecular diffusion, the characteristics of the porous media, the rheology and physical 
properties of the fluids – including density and viscosity – and the chemical and physical interaction 
between the fluids and the solid surface of the porous media (Bear 1969, 1972, Greenkorn 1983; Cala 
and Greenkorn 1986, Sahimi 1995; Sternberg 2004). Sahimi 1995 described how for a macroscopically 
homogenous, porous media that is disordered microscopically, the convective dispersion will arise due 
to two main mechanisms: a) the splitting and re-joining of the streamlines at the passages of the 
tortuous pore-throat, b) a dynamic mechanism, as a result of the flow velocity, which is dependent 
upon the hydraulic conductivity and local macroscopic pressures at the pore space. Moreover, although 
these two mechanisms are independent of the molecular diffusion, diffusion does influence dispersion 
by equalizing the concentration at the pore passages, as well as weakening the diffusion of the 
streamlines relative to the average velocity.  
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Blackwell 1961explained that at a microscopic level, convective mixing is caused by the fluctuation 
of the velocity of the flow within the individual micro-channels as well as between the other micro-
channels. The concentration of the pore is equalized by both diffusion and the concentration of the 
other streamlines passing that pore, as shown in the schematic below (Fig ‎2.23). 
 
Fig ‎2.23. Schematic explaining the microscopic level convective dispersion of a solute moving at different pore 
spaces (Blackwell 1961). Supposing that the solvent is moving at three different streamlines here, although at the 
same averaged directions, the concentration at pore space (a) will eventually be equalized by molecular diffusion. 
Further supposing that the solvent is moving through the streamline, then streamline 2, with an altered solvent 
concentration, will be moving simultaneously with streamline 2 from the pore (a), to the nearest pore throat, 
presumably pore (b), causing the associated concentrations in that pore to be equalized with streamlines 1 and 2 in 
pore (b), again by molecular diffusion, albeit with different endpoints concentrations. As the mean flow rate 
increases convective dispersion dominates the spreading of the particles in the pore spaces.  
 
Taylor 1953, 1954 was the first to explain the fundamentals of mixing due to convective dispersion 
for a fluid moving in a capillary tube. Taylor showed that when a solute moves in a tube with a velocity 
(according to Hagen-Poiseuille flow, the velocity is parabolic in the radial direction of the flow) then, 
at a sufficient distance away from the injection source point, the combined effect of the longitudinal 
velocity and the transverse diffusion will equalize the concentration in a form of longitudinal 
dispersion that will manifest the velocity profile in the longitudinal dispersion. It was suggested by 
Taylor that it takes a certain time for the solute  to reach the quasi-equilibrium conditions where the 
dispersive flux across the cross-section of the tube can also be described by the 1D Fickian 
equation:  ⃗⃗   -  
  
  
, where C is the concentration averaged over the cross-section of the tube (Fig 
2.22). He described that the longitudinal dispersion is a function of the molecular diffusion Dm, the 
radius of the tube a, and that the mean velocity of the solute (which can be substituted by uT=uo(1-
r
2
/a
2
): 
   
    
 
    
 ………………………………………………………………………….……………(2.26) 
Moreover, starting from the Convective-Diffusion equation (CDE), Taylor showed that the length 
of the mixing zone between the 10% and 90% composition contour lines (x90-x10), is directly 
proportional to the square root of time, as can be  described by the expression:  
  
  
     
              ……..……………….....…………………………………………….…..(2.27) 
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Furthermore, Taylor showed that this analysis is valid for appreciable changes in concentrations 
only if 4L/A >>Ua/D>>6.9, where L is the length of the capillary tube. This hypothesis was then 
extended by Aris (1956, 1959), where it has been found that the concentrations will approach a 
Gaussian distribution, around a centre of gravity for a solute moving with the mean velocity of the 
flow. Moreover, Aris modified the dispersion equation, by adding the diffusion term as follows:  
   
    
 
    
    ..………………………………….……………………………………...….........(2.28) 
 
 
Fig ‎2.24. A schematic explaining Tylor‘s dispersion process in comparison to diffusion and advection only 
displacement in a capillary circular tube (modified after Taylor 1953). 
However, Taylor and Aris showed that the equations discussed earlier are only valid when the ratio 
of the time required to remove the radial concentration variations to the time to get a significant change 
in concentration is proportional to the dimensionless group  
   
   
    . 
An alternative approach is that of Saffman 1960 and de Jong 1958, who used statistical models to 
investigate dispersion in terms of bundles of capillaries which are randomly orientated with the respect 
to the flow. Interestingly, they found that dispersion is related to the velocity of the solute, and at very 
high Péclet numbers (Pe=
    
  
) and at sufficient time, the dispersion is purely mechanical. They also 
proposed that transverse dispersion converges to    
 
  
     , as the Reynolds number approaches to 
infinity (R →∞   Although their mathematical model is more representative of the porous media their 
results were not a close enough representation of dispersion in actual porous media.  
Aronfsky and Heller 1957 postulated a similar theory of classical unsteady-state diffusion to 
represent the mixing in porous media for incompressible fluids with equal density and viscosity. They 
used the experimental findings of Koch and Sloobd 1957 and others to validate their proposed 
mathematical model for predicting solute concentrations for a homogenous isotropic medium, as 
described in Eq.2.29, where Npe is the dimensionless Péclet number, QD the dimensionless rate (i.e. 
equivalent to the volume produced over the total injected fluid volume), xD is a dimensionless number. 
A deviation was observed, however, between the predictions from the equation and the tracer 
experiments. 
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Brenner and Adler 1982; Eidsath et al. 1983, Koch et al. 1989 and Salles et al. 1993, based on a 
spatially-periodic model consisting of a square array of cylindrical or cubic array of spherical porous 
media, concluded that as (  →∞), DL would depend quadratically on the Péclet numbers, and the DT 
would converge to a constant value. This high dependency on Péclet numbers contradicts more recent 
studies carried out on porous media which obtained a much weaker dependency (Aronofsky and Heller 
1957; Brigham et al. 1961; Perkins and Johnston 1963; Pfannkuch 1963; Sahimi1995; Stöhr 2003; 
Bijeljic et al. 2004; Alkindi et al. 2011).  
Scheidegger 1954, 1961 and Bear 1961 developed the equations to be representative of dispersion 
in a porous media based on a spatial solution representing the motion of a tracer point through the 
porous medium rather than an equation of motion (so-called random walk theory
12
). It has been 
generally concluded from these analytical studies that the time it takes for the fluid to pass through a 
length of a porous medium consisting of small cells, is the sum of the time spent in each cell and this is 
distributed with a Gaussian trend, with a variance which is proportional to the number of these cells. 
Based on this conclusion, it has been interpreted that the longitudinal dispersion is proportional to the 
velocity of the solute and the length of the cells.   
Brigham et al. 1961 have shown a convenient method for determining the dispersion, expressed by 
the following equation, which is identical to the diffusion equation, substituting the dispersion (K) with 
molecular diffusion (D): 
  
  
= K 
 
 
 
   
  …………………………….....…………………………….……………………...(2.30) 
Given that that the solute front is moving through the porous media, the famous ''error function'' of the 
diffusion solved for specific boundary conditions (           ≥     o, was modified to replace the 
distance from the inlet end (x), with the distance from the midpoint to the flood front (x1=x- ut): 
 = 
 
 
  -    
  
 √   
) ..………………………….…………………………………………..…...(2.31) 
where the complimentary error function integral is:      )=
 
√ 
 ∫  - 
 
  
 
 
, and the argument of the error 
function in Eq. 2.32 (x1/2√   ) indicates that at a constant injection rate of flow, and with a constant  
dispersion coefficient, the spread of the mixed zone is proportional to the square root of distance 
travelled by the solute. To be able to relate the previous equation with the experimental measurements, 
where the concentrations are taken as a point, where the growing mixed zone moves past the observer, 
the argument‘s function can be substituted as follows: 
                                                          
12
 Random walk (CTRW) theory is a series of displacements, each labelled by an integer step number n. The displacement is 
governed by a distribution. It is a general, physically based, approach for quantifying the transport.  
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Thus, the argument function can be written as:  
  
 √  
=  
   -  
 √     
 
 
 √    
     …….…………………………………...……………..................(2.34) 
where U in the equation is the error function parameter, defined as follows:  
 = 
  - 
√ 
 ..………………………...…………………….……………...………………............(2.35) 
Plotting U versus the concentrations on probability arithmetic paper, the data points should fall into 
the same line only if the proposed square functionality between the solute‘s mixed zone and the 
travelled distance, applies. The error function values at 10 and 90 percent concentrations are read from 
the line U10 and U90. The dispersion can subsequently be calculated from the following equation:  
Scheidegger 1957 has shown that there are two possible extremes of the form of the dispersion 
coefficient: the first is the direct proportion to velocity i.e. DL ~ αL V (which is the presumption in most 
of the recent studies), whilst in the second the dispersion is related to the square of the velocity i.e. DL ~ 
αLV
2
, where α is dispersivity. Most of the literature has found that the exponent of the velocity (Vn) lies 
between 1 and 1.3. Pleshek 1968 and others observed that the exponent is strongly influenced by the 
particle size. Blackwell et al.‘s 1957 experiments have shown that n=1.24, 1.20 in 0.47 mm beads and 
n=1.19 in a 0.100 mm bead and Berea core.  
2.8.1 Dependency of dispersion on the Péclet numbers: 
Compiling results from the studies of (Rifai et al. 1956; Ebach and White 1958; Brigham et al. 
1961; Blackwell 1961; Perkins and Johnston 1963; Pfannkuch 1963; Harleman and Rummer 1963; 
Edwards and Richardson 1968; Dullien 1979, 1991; Buès and Aachib 1991; Mendand and Woods 
2005; Jha 2005; Flowers and Hunt 2007 and Alkindi et al. 2011) the behaviour of dispersion in relation 
to Péclet numbers can be classified as behaving according to six different regimes (Brigham 1961; Bear 
1988, Sahimi 1995; 1979; Biljici and Murtin 2006), as described in Fig ‎2.25. The first regime, at very 
low Péclet numbers (Pe <0.3), is the strictly diffusion regime, where molecular diffusion dominates the 
mixing in transverse and longitudinal dispersion. In this situation where the dispersion is uniform and 
equivalent to diffusion there is no dependency on Péclet numbers (Brigham et al. 1961; Grane and 
Gardner 1961; Van der Poel 1962; Koplik et al. 1988): 
 = 
 
   
*
      -   )
    
+ ………………………………...…………………….................................(2.36) 
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where, as usual,   is the electrical formation factor and   is the porosity of the medium. The formation 
factor is basically equivalent to:  = F     , thereby accounting for only the area open to the flow; 
which has been found to be about 0.15-0.70 for both unconsolidated and consolidated sands.   
The second regime, with 0.3<Pe<5, represents a transition or superposition regime in which 
convection contributes to the mixing, even though diffusion still dominates (Sahimi 1995 and Marsily 
1986). In the third suggested regime (10<Pe<300), a stronger influence is observed from convective 
dispersion, and the dependency on Péclet numbers follows a power-law, although the influence of 
diffusion cannot yet be entirely neglected. The dependency of dispersion with the Péclet numbers in 
this regime is described by the following expression:  
where α  and α  are the longitudinal and transverse dispersivity values, β  and β  are the longitudinal 
and transverse dispersion exponents, each dependent upon the properties of the fluids and of the porous 
media.  Aronofsky and Heller 1957; Brigham et al. 1961; Pfannkuch 1963; Marsily 1986; Sahimi 1995; 
Alkindi et al. 2011 proposed that β
 
=1.2, whilst Stöhr 2003 and Bijeljic et al. 2004 suggested a slightly 
lower dependency on Péclet numbers (1.18 and 1.19, respectively). The value of αL and αT, meanwhile, 
have been proposed to be around 0.5-0.63 and 0.01-0.025, respectively (Perkins and Johnston 1963; 
Sahimi 1995; Delgado 2007; Alkindi et al. 2011 and others).  
The fourth regime, where the Péclet numbers 300<Pe<10
5
 represents pure convection, i.e. where 
molecular diffusion is negligible compared to the mixing due to convection. The longitudinal and 
transverse dispersion in this regime is described by Delgado 2007, as follows:  
The fifth regime for dispersion is known as the turbulent dispersion regime. Here, dispersion can no 
longer be correlated with the Péclet numbers since the Darcy velocity is no longer valid for Pe>10
5
. In 
this region, therefore, dispersions are correlated with the Reynolds number. This flow regime, however, 
is not applicable for flow in porous media.  
The sixth regime is termed as the ‗hold-up‘ regime –since the solute is trapped in the dead-end 
region or within the solid grain (Koch and Brady 1985). This was first studied by Carberry and Bretton 
1958; Turner 1986 and Aris 1959, with the dispersion of the solute being represented by the following 
description:  
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Fig ‎2.25. Dependence of the longitudinal dispersion coefficient DL on Péclet numbers for the five different 
regimes of dispersion. The dispersion data, compiled by Fried and Combranous 1971, is plotted against the 
suggested correlation of Sahimi 1995; Fetter 1999; Delgado 2007; Alkindi et al. 2011. 
2.8.2 Scale-dependency of dispersion
13
:  
Mechanical dispersion terminology in literature refers to the mixing caused by variation in the 
solute‘s mean velocity governed by heterogeneities in hydraulic conductivities. Theis 1962 has 
explained that the scale dependency of dispersion is due to the widely distributed sand sizes and the 
heterogeneities in hydraulic conductivities leading to a change in the velocities of the solute. According 
to the scale of the heterogeneities (Alpay 1972) mechanical dispersion has typically been categorised 
into: i) macrodispersion, associated with large scale heterogeneities (e.g. stratification and permeability 
characteristics larger than the pore size –intra formational or well-to-well Greenkorn and Kessler 
1969);  ii) megascopic heterogeneity (usually equivalent to the size of the grid block in a numerical 
simulation, Haldoreson and Lake 1984) caused by structural and stratigraphic change in the entire 
cross-section. Generally, the larger the contrast in hydraulic conductivity between the layers (channels 
and matrix), the higher is the dispersion.  
Field-scale measured longitudinal and transverse dispersion values are anticipated to be different 
than laboratory measured dispersion (i.e. non-Fickian dispersion
14
), due to the widely distributed 
heterogeneities (micro-and macroscopically) and the subsequent variations in macroscopic velocities 
associated with cross-flows between the layers. Thus it is more likely that dispersion might not reach a 
constant value, but rather increase with scale. Many studies based on tracer tests and stochastic models 
have reached this conclusion (Mercado 1976; Gelhar et al. 1979; Lallemand-Barres and Peaudecerf 
1978; Anderson and Cherry 1979; Pickens and Grisak 1981; Beims 1983; Neretnieks 1985; Gelhar and 
Axeness 1983; De Gennes 1983; Sudicky et al. 1985).  
                                                          
13
 Also known as ''non-Gaussian'' or ''anomalous'' dispersion.  
14
 Non-Fickian dispersion is dispersion which cannot be approximated by the Fickian behaviour. It is argued that the non-Fickian 
dispersion is primarily a result of heterogeneities (in various scales).  
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Accordingly, Gelhar et al. 1992 reviewed the dispersivity measured from inter-well tracer tests for 
59 different fields combing the extensive information on method used for interpretation (either 
controlled or uncontrolled tracer tests), aquifer characteristics (including hydraulic properties, aquifer 
material, saturated thickness, transmissivity and velocity) and, most importantly, the scale of the 
solute‘s travelled distance from the source (or the distance between the injection and observation well 
in an induced flow configuration). The compiled data of the longitudinal dispersivity versus the scale 
that were considered in the study are shown in Fig ‎2.26. The data was screened in terms of reliability as 
well as aquifer type. As is clear from the figure, longitudinal dispersivities appear to increase with 
scale. It is notable that, at a smaller scale, the dispersivities in fractured aquifers (reservoirs) were 
higher by two orders of magnitudes. The study also reviewed the transverse dispersivity, showing that 
the same trend of increasing dispersivity with scale was also observed, although the vertical transverse 
dispersivity was much lower than the horizontal transverse dispersivity (Gelhar et al. 1992). 
 
Fig ‎2.26. Longitudinal dispersivity versus scale of observation identified by type of observation and type of 
aquifer. The data is from 59 field sites characterized by widely differing materials (after Gelhar et al. 1992). 
In a more recent one and two-dimensional numerical simulation study Mahadevan et al. 2003 
estimated the echo
15
 dispersivity using a collection of single-well tracer tests (SWTT) data (Majoros et 
al. 1980). The trends were compared with the published trends of dispersivities obtained from ground 
water. Interestingly, they found that the echo dispersivity is about 0.1-1 m for a solute travelling in 
scale of 10-50 m, which suggests higher dispersion values than those measured in core-scale (as shown 
from the figure below). Fig ‎2.27 compares the lab and field scale measured dispersivity.  
It is worth bearing in mind, however, that dispersivities obtained from SWTT tests are questionable 
since the transmission dispersions are mostly not available for comparison with the echo dispersivity. 
In addition, since the tests are performed while the well is shut, there is a chance for additional mixing 
caused by the drifting of the reservoir fluid (Coats et al. 2004). Moreover, Dominco and Robbins 1984 
suggested that the wide variation in field measurements is due to the different sampling techniques 
employed. 
 
                                                          
15
 In which the tracer concentration is measured from the same point as the injection by the reversal flow direction (also known 
as single well injection-withdrawal tracer test or pull-and push test). 
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Fig ‎2.27. The comparison between field measured dispersivity and laboratory echo dispersivity data (Hulin and 
Plona 1989; Rigord et al. 1990) and those history matched by Mahadevan et al. 2003. As is shown, the 
dispersivities observed at the field scale are much larger than the laboratory-scale values (after Mahadevan et al. 
2003). 
2.7.2 The impact of heterogeneity on dispersion:  
Lake and Hirasaki 1988 argued that using the laboratory measured dispersivity may result in 
significant underestimation of actual mixing at the field-scale. This underestimation is further 
exacerbated by the heterogeneities at the field scale. One of main objectives of the study was to find the 
effective dispersion in a heterogeneous media. It was concluded that, for a two-layer system, with no 
transverse dispersion, the concentration lines in each layer are vertical and the effluent concentration 
will manifest the heterogeneity of the media. When the transverse dispersion is moderate, however, 
cross flow mixing might occur between the layers, causing a change in the concentration. The authors, 
however, proposed that the characteristic of the heterogeneity could still be distinguished from the 
effluent concentration.  
 
Fig ‎2.28. Illustration of Taylor‘s dispersion in two-layer porous media (after Lake and Hirasaki 1988). 
Aray et al. 1988 examined the macroscopic dispersion of a fluid displacing a fully miscible fluid 
(FCM) caused by the fluctuation of the velocity due to macroscopic permeability heterogeneities. They 
used a two-dimensional model, finite difference simulator, based on the convection-diffusion (CDE) 
together with the continuity equation, using different permeability realizations. They focused on 
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studying the longitudinal dispersion at the field-scale but they also quantified the dispersion with the 
Dykstra-Parsons coefficient, diffusion and the aspect ratio of the dispersion. It was concluded from the 
study that megascopic dispersion is dependent on correlation length, reservoir heterogeneity and aspect 
ratios, whilst a lower dependency on diffusion was observed. The dispersivities were shown to increase 
with an increase in heterogeneity (quantified by the Dykstra and Parson coefficient), while for more 
homogenous reservoirs (VDP ≤0.5) the dispersivities were nearly constant. Although it was proposed 
that megascopic dispersion increases with an increase in aspect ratio, macroscopic dispersion was 
found to be independent of the aspect ratio. In addition, it was suggested in the study that diffusion has 
a minimal effect on the longitudinal dispersivities, rather promoting mixing in the transverse direction. 
For large diffusion values, the effect of heterogeneity was less pronounced on the concentration 
profiles, since appreciable mixing would occur in the transverse direction. 
Lee and Okuyiga 1986 investigated the dispersion associated with linear miscible displacement in a 
stratified porous medium with interbedding of permeable and tight layers, resembling macro and 
micro-heterogeneities. They used a mathematical model of Laplace-transform space that was inverted 
numerically using the Fourier series, and applied the boundary conditions analytical solution to predict 
the effluent concentration. It was concluded from their study that the contribution of micro-porous 
grains and shale layers to the equivalent dispersion is additive. Through testing of different microscopic 
grain shapes, including slabs, cylinders and spheres, it was found that spherical grains allow the least 
amount of dispersion. Moreover, it was suggested in the same study that the effective dispersion is 
sensitive to the size distribution of the micro-grains in the porous media, i.e. the effective dispersion for 
a packing with grains that are log-normally distributed was about 1.28 fold higher than the dispersion 
for a pack that has a uniform distribution, for the same porosity. Interestingly, the authors suggested 
that dispersion is significantly sensitive to the thickness of the shale barriers. In addition, as expected, it 
was confirmed in the study that dispersion increases with an increase in the overall effective pore space 
of the porous media (either in relation to the shale layer or the grain matrix porosities). 
In a slightly different study by Warren and Skiba 1964, the influence of macroscopic 
heterogeneities, in terms of scale, as well as the size of the distribution of permeabilities, on the 
macroscopic dispersion, was investigated for a three-dimensional model, using the modified stochastic 
Monte Carlo approach. This method is based on finding the residence time of the particles through the 
calculated steady state single-phase velocity components, from the pressure distributions, and then 
relating the residence time with the most probable porosity and permeability distribution. 
Subsequently, the dispersion is precluded from the model. The study concluded that permeability has 
more influence on the overall effective macroscopic dispersion, compared to the impact of porosities. It 
was further pointed out that the scale of heterogeneity has a significant effect on the measured 
dispersion values, as the smaller the scale of heterogeneity the higher the anticipated dispersion values.  
Greenkorn and Kessler‘s 1969 study, meanwhile, explained that the main heterogeneities 
influencing the macroscopic heterogeneities are: a) molecular diffusion, b) mixing eddies due to the 
turbulence of the flow within the channel, causing eddy migration of the dispersion, c) mixing due to 
obstructions (i.e. the tortuous shape of the reservoir), d) the presence of autocorrelation length in flow 
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paths or the spatial variation of permeability/porosity, which could possibly affect dispersion by 
influencing the interconnections between the porous media, e) recirculation caused by local regions of 
reduced pressure; if these regions are accessible to fluid flow, then this could be approximated as a 
venturi-manometer shape where the pressure drop between the upstream and downstream combined 
with the cross-sectional area of the pores can cause a velocity change in-between, g) dead-end pores: 
dead-end volumes cause dispersion in unsteady flow (concentration profiles), h) the adsorption 
unsteady-state phenomenon, i) hydrodynamic dispersion, in the absence of molecular diffusion because 
of the velocity profile, and j) macroscopic dispersion caused by non-idealities which change gross 
streamlines.  
Bear 1969 went on to explain the mechanisms as: a) external forces acting on the liquids, b) the 
microscopic pore system geometry, c) fluid physical properties such as density and viscosity, d) 
changes in the displacing fluid‘s concentration due to chemical and physical processes within the liquid 
phase, and e) interaction between the fluid and the rock. 
Barci et al. 1987 used an acoustic technique to measure the dispersion values in unconsolidated 
packs for different porous media. It was showed in this study that microscopic heterogeneities 
significantly affect the dispersion values and their dependency on the Péclet numbers. Moreover, 
similar to the previously discussed studies, it was suggested that there is a power law dependency 
between dispersion and the Péclet numbers.  
Many other experimental studies performed in sand pack models have shown that the longitudinal 
and traverse dispersions are related to the lack of homogeneity within the sand model, particle size 
distribution and the shape of the particles. Perkins and Johnston 1963 proposed that the dispersion 
coefficient for fluids of equal density and viscosity can be expressed by the following expressions:  
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  ……………………………………………..…………(2.44) 
where σ is the inhomogeneity factor, which varies according to the heterogeneity of the medium and 
the viscosity ration of the fluids.  
2.8.2.1 Impact of particle size and shape: 
As expected, the finer the particles and the wider their distribution, the higher the inhomogeneity 
factor. Blackwell 1961 proposed that the inhomogeneity factor σ would be expected to be the same for 
the dispersion in two identical packs of a similar scale. It has also been suggested that σ considerably 
increases for finer particles (e.g. Klinkenberg and Sjenitzer 1956 suggested that as particle diameter 
drops from 1 to 0.05 the dispersion coefficient increases by eightfold). These studies reveal that the 
anticipated mixing according to particle diameter was lower than the experimentally measured 
dispersion (which may lead to the proposition of the heterogeneity). Blackwell suggested, for 
sandstones, a value of 0.36 cm as a good approximation of     .  
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Brigham et al. 1962 has quantified σ for different particle sizes (either glass beads or sands) and 
viscosity ratios (as listed in Table ‎2.3). It has been observed that the inhomogeneity factors obtained 
from this study were lower than those that had been reported by Blackwell 1957 and others. Fig ‎2.29 
shows the dispersion coefficient (KL/D and KT/D) measured for different packs formed from sand 
particles with different sizes.
16
  
Table ‎2.3. Effect of viscosity ratio and type of porous medium on σ. As is shown from the table, the value 
increases significantly from 0.30 up to 53 with a drop in particle size from 0.47 mm to Berea sandstone (after 
Brigham 1969): 
Porous medium Viscosity Ratio    
0.44 mm Beads 0.175  0.69 
100 mm Beads  0.175 0.49 
100 mm Beads  0.998 2.78 
470 mm beads 0.175  0.30 
Torpedo sandstone  0.175 23.2 
Berea sandstone  0.175 53 
 
Fig ‎2.29. Measured longitudinal dispersion coefficients for various sizes of sands (after Blackwell 1961). 
Other studies (Raimondi et al. 1959, Niemann 1969 and Eidsath et al. 1983) have observed that the 
longitudinal dispersion (DL) is larger for systems with a wide particle size distribution, than those with 
a narrower distribution. Eidsath et al.‘s 1983 study indicated an increase by 1.5 fold with an increase of 
particle distribution from 2 to 5. Moreover Han et al. 1985 showed that the dispersion values were two 
to three times larger with size distribution of (dmax/dmin) of 7.3, than with uniformly distributed 
particles. Wronski and Molga 1987 attributed the increase of dispersion with the particle size 
distribution to the enhancement in splitting and re-joining of the fluids driven by the increase in 
tortuosity. 
Other studies focused on a different aspect, which is the influence of particle shape on dispersion 
values (Bernard and Wilhelm 1950; Carberry and Bretton 1958; Hiby 1962; Geankopolis 1958 and 
many others). The dispersion values were measured for particles with different shapes (spheres, cubes, 
sands and other granular material), and it was concluded in these studies that dispersion values appear 
                                                          
16
 In plotting Berea and Torpedo sand data with the glass beads data, an assumption has been made on averaging the particle 
radius as follows:   ̅  √
     
 
   -   ̅   ̅ , where      , where:  ̅  is particles average size,  ̅ is the average particles radius,   is 
the permeability and   is the porosity. 
‎Chapter 2                                                                                                         Background and Literature Review 
 
71 
 
to be greater in packs with irregular (non-spherical) particles. Jourak et al. 2012 observed that for 
constant porosity models (0.4), increasing the particle distribution (dmax/dmin from 1 to 4) led to an 18% 
increase in dispersion. In systems with lower porosities, however, the discrepancies in relation to 
dispersion values with an increase in particle distribution were much lower. Jourak et al. 2012 also 
proposed that for (Pe<<1), for systems with the same porosities, an increase in particle distribution 
(dmax/dmin) led to a decrease in dispersion.  
 
Fig ‎2.30. Impact of particle shape on measured longitudinal dispersion (after Delgado 2006). 
2.8.2.2 Effect of fluid density/viscosity difference on dispersion:  
The available literature indicates that measured dispersion values are also influenced by the density 
and viscosity contrast between the fluids, as well as by the gravity stability of the flow (Blackwell et al. 
1959; Brigham et al. 1961; Perkins and Johnston 1963). Brigham et al. (1961) observed an increase in 
dispersion with an increase in the mobility ratio of the displacing fluid in horizontally oriented bead 
pack experiments. Slobod and Howlett (1964) performed both vertical and horizontal core dispersion 
experiments (i.e. with and without the effect of gravity) for an unfavourable mobility ratio (M<1) and 
noted that gravity tends to reduce the rate of dispersion. Ben Salah (1965) also investigated the effect 
of gravity on dispersion for unstable (M=0.21) displacement using characterized bead packs for a wide 
range of velocities; he also concluded that dispersion slightly decreased with an increase in gravity 
from 0.2 to 10. Giordano et al.‘s (1985) approach came to a similar conclusion as Brigham et al.‘s 
(1961) work but this time using numerical simulations to confirm that the rate of dispersion reduces 
slightly with less mobile displacing fluids. This numerical model, however, did not take account of the 
effect of gravity.  
Kempers and Haas‘s (1992-1994), work focused mainly on investigating the influence on 
longitudinal dispersion of fluids‘ viscosity/density contrasts and mobility ratios. They concluded that 
for stable (i.e. with high density and viscosity contrast) miscible displacements the transition zone still 
grows as a function of (β 0.5), as was proposed in the hydrogeological theory of Gelhar and Axness 
(1983), where X is the averaged distance travelled by the fluid and β λ 2, where λ is the correlation 
length of permeability and   is the standard deviation permeability log-normal distribution. Persistently 
many of the experimental studies suggest that the density contrast significantly reduces the dispersion 
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values in a gravity stable flow and with a favourable ratio of viscosities, and high displacement rates 
(e.g. Slobod and Howlett 1964).  
Alkindi et al. (2010) measured the longitudinal and transverse dispersions for high viscosity and 
density contrast fluid systems (consisting of glycerol-ethanol and brine-water and density difference of 
470 and 225 kg/m
3
, respectively) over a wide range of Péclet numbers (1-1000). Brigham et al.‘s 
(1961) method of measuring the dispersion for stable displacement was implemented. The study 
concluded the followings:  
 Dispersion values decrease with increase in density difference, during stable 
displacements similar to VAPEX. It has been elaborated from the study that high density 
difference and the associated low injection rates, remove any mixing due to viscous 
fingering, and therefore the mixing is solely a result of diffusion/dispersion. 
 The study indicated that both longitudinal and traverse dispersion was reduced by a factor 
of 0.5 under the influence of gravity. 
 The measured longitudinal dispersion form the study agreed qualitatively with the 
findings of Welty and Gelhar 1991. However, unlike the former study, Alkindi‘s et al. 
2011 results did not show a reduction in longitudinal dispersivity under the effect of 
gravity (i.e. horizontal pack).  
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Conclusions and Summary:  
This chapter has reviewed literature investigating different aspects of the process of VAPEX. The 
particular previous studies were showing that VAPEX has lots of potential over SAGD, and the actual 
oil drainage rates could be higher than the estimates from the analytical derivation. 
 Subsequently, many studies investigated the dependency of the oil drainage rates on several 
reservoir parameters (including permeability, reservoir drainage height, capillary forces, as well as 
diffusion and dispersion), by implementing various techniques. However, it is indicative form these 
studies that the discrepancy between the physical and the analytical estimated oil drainage rates are 
most likely due to a substantial enhancement in mixing in porous media through convective dispersion 
(rather than diffusion alone as has been originally proposed). Moreover, most of the studies are 
suggesting a higher dependency of the oil drainage rates on the reservoir drainage height, in place of 
the suggested square root function in the Butler-Mokrys derivation. 
Despite the efforts made to validate the existing analytical derivation, and attempts to provide 
explanations of mechanisms for further enhancements in oil drainage rates for porous media, the 
fundamental issue of whether the oil drainage rates are sufficient for the mechanism to be economically 
feasible for field scale application has never been raised and remains unanswered. Moreover, only a 
very few studies have conducted field scale numerical simulations, using a grid with high resolution, to 
be able to adequately predict the oil drainage rates at the field-scale, avoiding the possible 
overestimations due to the numerical dispersion. In addition, the impact of reservoir macroscopic 
heterogeneities on the process of VAPEX, which is a crucial aspect to consider, has not been 
investigated. The remaining chapters of this thesis, therefore, focus on resolving these specific issues.  
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Chapter 3  
Experimental Setup  
Introduction: 
In this chapter, we discuss the experimental setup, model design and the methodology used in 
performing VAPour EXtraction (VAPEX) experiments. We describe the method followed in 
characterising the properties of the different homogenous and heterogeneous packs that were formed 
from Ballotini glass beads. In addition, we describe the fluid system that was used consistently 
throughout the study and the analysis method that was followed in characterising the effluent produced.  
3.1 The selection of a glass bead model:  
Throughout the experimental investigations, a glass bead model was used to mimic the porous 
media. Glass bead models have the following advantages: a) it is easy to characterise and control the 
variables of the porous media (including porosities, permeability and dispersion), compared to sand 
models and core plugs where it is difficult to eliminate the influence of small scale heterogeneities, and 
thus to examine the effect of pack properties on the process;  b) glass beads can provide excellent 
visualisation of the flow; c) they have great potential applications in studies concerned with the effect 
of wettability on flow, e.g. Caruana and Dawe (1996). Interestingly, the hydrophobicity of the 
uncoloured glass beads is known to be natural, whilst most of coloured glass beads are suggested to be 
strongly hydrophobic.  
3.2 Design of the bead packs and experimental procedure: 
The experiments were all performed in a 2D bead pack model constructed from clear glass Perspex, 
with internal dimensions 40 cm × 20 cm× 0.6 cm (Fig ‎3.1). The pack was designed to be large enough 
to capture the influence of macroscopic heterogeneity (keeping the aspect ratio at 2:1) and to minimize 
the influence of local microscopic heterogeneity. The material of the pack was selected to permit 
visualization of the fluid flow and to be strong enough to withstand experimental conditions (20˚C, 
101.32 kPa). All of the experiments simulated a section through half of the vapour chamber pattern. 
The producer was located at the lower corner of the model while the injector was just above it and 
halfway between the producer and the top of the model reservoir. 
 
Fig ‎3.1. Schematic of the physical model used in VAPEX experiments 
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The top cover of the model was designed to be removable so as to allow the beads to be packed and 
removed. The internal surfaces and edges of the pack were coated with a thin layer of soft silicone 
sealant material to mitigate as far as possible edge effect problems and any lack of consolidation of the 
packing near the boundaries (more details are provided in the following subsection). The model was 
packed with different combinations of Ballotini glass beads following Caruana and Dawe‘s (1996) 
method, with varying grades/sizes to represent the permeability required to model the porous media. 
This method of packing has been found to be highly efficient, based on studies that applied the method 
in packing homogenous and heterogeneous models, including different layering patterns or with shale 
barriers (e.g. Grattoni et al. 2001, 2002; Muggeridge et al. 2002; Al-Shuraiqi et al. 2003; AI-Wahaibi et 
al. 2007; Alkindi 2008b-c, 2009, 2011; Daw et al. 2011). After tapping the pack carefully using a 
plastic hammer and adding more beads to ensure a compacted packing, the packs were injected with 
CO2 at very low rates while closing all the passages and leaving the outlet on the other side of the pack 
open in order to displace trapped air inside (since air can cause packing failure as a result of bubbles 
and air voids). The macroscopic homogeneity of the packing was tested prior to each experiment by 
performing a stable M=1 displacement (using pairs of either glycerol-dyed glycerol or water-dyed 
water) and observing the linearity of the front displacement. After confirming the macroscopic 
homogeneity of the pack, the model was then saturated very slowly with fresh undyed glycerol. This 
step is highly sensitive due to the high viscosity of glycerol and the very low rates that therefore needed 
to be applied to avoid any possible damage to the packing and formation of voids, especially near the 
inlet. Since this step would otherwise take more than 120 hours, the process was accelerated by heating 
the glycerol to 40 ˚C using a hot plate stirrer (since the threshold temperature for Perspex before a 
permanent damage occurs is about 60 ˚C). The reduction in glycerol‘s viscosity with temperature 
allowed for slightly higher injection rates and possibly less chance of damaging the pack with high 
injection pressures. 
A schematic representation of the experimental set-up used is shown in (Fig ‎3.2) below. The 
longitudinal dispersion for each bead size was measured using Brigham et al.‘s (1961) method where 
glycerol is injected at a constant rate to displace ethanol, under the effect of gravity. The concentration 
profiles produced were determined by analysing the refractive index of the effluents sampled over time. 
The full investigation of longitudinal and transverse dispersion as a function of the Péclet number can 
be found in Alkindi et al. (2010).  
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Fig ‎3.2. A schematic representation of the experimental setup used to conduct VAPEX experiments. The scale in 
the schematic is not representative of the real scales. 
3.3 Analogue fluids 
3.3.1 Selection of the analogue fluids: 
Since the VAPour EXtraction (VAPEX) process is a solvent-leaching gravity drainage mechanism, 
light hydrocarbons in the vapour phase are injected into the reservoir at a pressure close to the solvents‘ 
dew-point (Butler and Mokrys 1989). The selection of the appropriate solvents depends upon their 
equilibrium pressure, molecular weight, density difference, solubility and diffusivity together with the 
reservoir temperature and pressure (Ramakrishnan 2003). The solvents utilised in the process are light 
hydrocarbons gases (i.e. propane, butane or a mixture of these), which have low molecular weight and 
small specific gravity (Das and Butler 1994, 1996). Although Butler and Mokrys (1989), in their initial 
VAPEX Hele-Shaw cells experiments, utilised a liquid toluene as a solvent rather than a vapour, the 
injection of gaseous solvents has been found to have many advantages, including: a) improvement in 
the efficiency of the process through enhancement of the gravity drive; b) improvement in diffusivity 
values; c) increase in the energy efficiency of the process since less vapour solvent needs to be injected 
in comparison to liquid phase solvents; d) the solubility of a gaseous solvent is highest near the dew 
point conditions (Das 1995); e) it has been proposed that closer to the vapour pressure and at reservoir 
temperature, deasphalting takes place alongside the oil dilution, which can improve the performance of 
VAPEX (Das and Butler 1998); f) and this would reduce the residual solvent in the vapour chamber 
zone; g) it is easier to separate lighter gases from produced oil at the surface through flash separation.  
In this study a pair of analogue fluids consisting of ethanol and glycerol was selected to investigate 
VAPEX. These were chosen for the following reasons: 
 Although ethanol is a liquid at room temperature, the density contrast and adverse viscosity ratio 
between the pair of fluids are sufficient for gravity to dominate. Given that at the experimental 
conditions (ambient, T=20  C and P=101 kPa), the glycerol and ethanol density difference is about 
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470 kg/m
3
, and the viscosity ratio is 1160, these are close to the typical density and viscosity 
contrast of the solvent-heavy oil in VAPEX systems, which is about 500-600 kg/m
3
, whilst the 
viscosity ratios can exceed 1160.  
 Compared to the use of an actual heavy oil-solvent system, this choice of solvents avoids the high 
margins of possible error in phase behaviour characterisation and in assigning pseudo properties 
for the compositional fluid modelling in VAPEX. 
 Experimental measurements of heavy-oil and solvent mixtures viscosities could be tedious and 
time consuming; besides the various available mixing rules (e.g. Arrehnius or the logarithmic 
mixing rule 1887; Kendall 1917; Bingham 1918; Shu 1984; Power law mixing rule 1996) may not 
be able to describe the actual dilution of heavy oil with solvent well.  
 Moreover, additional complexity in the phase behaviour of the heavy oil-solvent system is the 
asphaltene deposition caused by change in pressure and composition during the process in 
addition to electro-kinetic effects. Subsequntely it is essential to capture this phenomena the 
process and in effects on both viscosity and density, in the numerical modeling of the process.  
 A liquid-liquid system dispersion is easier to measure and compare with the available analytical 
equation than a gas-liquid system. 
 Glycerol and ethanol are first contact miscible fluids (FCM), thus the only mechanism 
contributing to the mixing at the interface is diffusivity. This means that the effect of capillarity 
and interfacial tension can be disregarded in this study. 
3.3.2 Characterization of analogue fluids: 
Glycerol viscosity and density changes with ethanol concentration have been fully characterized in 
Alkindi et al. (2008a) (the fluid properties are set out in Table 3.1, and were found to behave according 
to the empirical correlations below: 
                   ...……………..………………..……………………..….………..…........…..(3.3) 
               
                 ……..……………………………………..………..………...(3.4) 
where the solvent concentrations equations 3.3 and 3.4 are in volume fractions. 
Table ‎3.1. Fluid physical properties of glycerol and ethanol measured at 20 ◦C: 
    * Alkindi et al. (2008a) 
    † Reid et al. (1987) 
    ﬃ Tominaga and Matsumoto (1990) 
  
As shown in Fig ‎3.3 below, the experimentally measured oil-solvent mixture viscosities as a 
function of solvent concentration were well represented by the Logarithmic mixing rule used in the 
simulator, i.e:  
Fluids 
Density   
(kg/m3)* 
Viscosity 
  (cp)* 
Pc 
(kPa)† 
Tc 
(◦C)† 
Density 
Difference    
(kg/m3) 
Viscosity 
Ratio  
  
  ⁄  
Diffusion D ‡ 
(10-10 m2/s) 
Ethanol (C2H5OH) 790 1.20 6140 241.0 
470 1160 6 
Glycerol (C3H8O3) 1260 1390 6680 453.0 
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  ∑         ………………………………………………………………………………...(3.5) 
where  
   
 is the mixture viscosity in m.Pa.s and xi is the mole fraction of component i. 
 
Fig ‎3.3. Experimentally measured oil viscosities with solvent concentration compared to the estimated viscosities 
using the Logarithmic-mixing rule (after Alkindi et al. 2008a).The precision in the measured viscosity of the 
samples was about ± 0.1%. 
In each of the experiments the ethanol was dyed with Lissamine green (C27H25N2NaO7S2) in very 
small concentrations (0.03 g/400 cc) in order to be able to observe the solvent chamber segregation. 
This allowed images to be taken of the fluid distributions and then analysed. The dye was found to be 
excellent for the purpose of the study since it does not affect the measured refractive index and, unlike 
methylene blue, does not bleach over time once mixed with glycerol (Alkindi 2010). 
The refractive indices of about 32 samples with different ethanol-glycerol concentrations were 
measured. For this a digital refractometer (Stanley Abbe Refractometer, model 60/ED) was used, with 
up to ±0.0002 accuracy with the option of accurately adjusting the temperature. The prism of the 
refractometer was carefully rinsed with either ethanol or acetone. The refractometer was first calibrated 
using pure samples of water, ethanol and glycerol, and the measured values at room conditions 
compared well with the values in literature (Budwig 1994). During the sample preparation, the volumes 
of the ethanol and glycerol were carefully controlled using a one milliliter syringe. To eliminate 
experimental errors, for each effluent concentration, the measurements were repeated at least three 
times. Accordingly, the best fit of the experimentally measured concentration (C) versus the refractive 
index (RI), as shown in Fig ‎3.4, can be approximated by Eq. 3.5, with a coefficient of determination R2 
of 99.9%. 
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Fig ‎3.4. Calibration graph of the refractive index of the mixtures with concentrations of ethanol (with an error of 
about ±0.0002) compared to the concentration versus the refractive indices measured by Alkindi (2008a). 
3.4 Petrophysical properties 
Because the design of the VAPEX model uses point sources for injection and production wells, as a 
point source it cannot be used for line drive flooding experiments and therefore the values of the 
porosities, permeabilities and longitudinal dispersions of each grade/size of beads (i.e. grade 6 in the 
high permeability case with beads diameter of 700-850 µm, grade 9 in the base case with beads 
diameter of 300-400 µm, and grade 11 with beads diameter of 150-250 µm in the low permeability 
case) were measured based on pre-experiments performed using a smaller pack that was 17.3×0.6×9 
cm. It is worth noting here that the beads used in the experiments were made from Borosilicate glass/ 
type P, with roundness of ≥ 0.99 and acidic and alcaline resistance, as manufactured by Sigmund 
Linder. The mini pack had an inlet and an outlet along opposite sides (to represent a line drive), as 
shown in Fig ‎3.5. 
 
Fig ‎3.5. Schematic of the physical model used in measuring the petrophysical properties including porosities, 
permeability and longitudinal dispersion. 
3.4.1 Measuring the porosity: 
The porosity of each size of bead was measured by weighing the pack before and after fully 
saturating it with a liquid and dividing the pore volume by the total internal bulk volume. Corrections, 
y = -1.66E+03x4 + 6.54E+03x3 - 9.16E+03x2 + 4.62E+03x + 4.74 
R² = 9.97E-01 
0
10
20
30
40
50
60
70
80
90
100
1.3614 1.3764 1.3914 1.4064 1.4214 1.4364 1.4514 1.4664
E
th
a
n
o
l 
C
o
n
c
e
n
r
a
ti
o
n
 %
 
Measured Refractive Index (RI) 
This work
Alkindi’s measured RI 
  
  
  
  
  
  
Sealing gasket 
Inlet 
Screws  
17.3 cm 
9 cm 
0.6 cm 
Outlet 
Removable cover, to allow 
packing 
‎Chapter 3                                                                                                                                     Experimental Setup                                                                                                   
 
80 
 
for the inlet and outlet lost fluids were accounted for in the calculations.
17
 Knowing the fluids‘ density, 
the porosity of the pack was calculated by using the following basic expression: 
where   is the porosity in the fraction,    is the pore volume in (cm
3
) which is calculated as follows: 
(weight of a fully saturated model with water (grams) – weight of a dry model packed with beads 
(grams)) / the density of the water (gram/cm
3
).       is the internal bulk volume of the Perspex box in 
(cm
3
), which is equivalent to: length of the bead pack model (cm)× width of the model (cm)× the 
internal thickness of the model (cm). 
The measured porosity values were estimated to be around 37.6±1% for the pack with grade 11 
glass beads, whilst for grades 9 and 6 the porosities were about 38.7±1 and 40.0±1%, respectively.  
3.4.2 Measuring the absolute permeability:  
The process of VAPEX is anticipated to be highly sensitive to the absolute permeability of the 
model, thus measuring the absolute permeability accurately is essential to be able to reproduce the 
measured physical rates and, in addition, to allow the correlation of stabilised oil rates with the model‘s 
permeabilities. 
The absolute permeabilities for the different size of beads were measured independently to avoid 
the inaccuracies of history matching. After carefully packing the model (i.e. the second model with the 
line drive inlet and outlet, shown in Fig ‎3.5 with the required size of bead, the model was flushed with 
carbon dioxide gas at very low rates in order to displace all the trapped air inside, and then saturated 
with water. To ensure the macroscopic homogeneity of the pack, the saturated model was then flushed 
with dyed water (stable displacement M=1) at a moderate injection rate of about 1 cm
3
/min and the 
linearity of the front displacement as observed. The absolute permeability of the different beads was 
then simply calculated by measuring the pressure difference across the inlet and outlet of the pack 
using pressure transducers while varying the injection rates. Since the outlet of the pack was exposed to 
the atmosphere, the downstream pressure was assumed to be the atmospheric pressure, while the 
upstream pressure at the inlet was measured using pressure transducers (manufactured by Setra model 
223, for an absolute Psi or bar ranges and accuracy of ±0.25%). By then applying Darcy‘s (1856) law, 
and from the gradient of these injection rates plotted against the drop in pressures, the absolute 
permeabilities were calculated from: 
         
   
 
 ….……………………………………………...………………………………(3.8) 
where   is the medium permeability in (Darcys),   is the viscosity of the fluid in (cp which is 
equivalent to mPa.s), L is the model length in (cm), A is the cross sectional area in (cm
2
), and the slope 
                                                          
17
 The lost liquid volumes at the inlet and outlet channels of the models can be estimated from the time it takes to fill the 
inlet/outlet channel under a constant injection rate which constrains            -                                                   , 
which is equivalent to: 
 
 
                         (  ). 
 
  
  
     
 ...…………………………………………………………………………………..........(3.7) 
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is the gradient of the injection rates with pressure. The negative sign in Darcy‘s equation is only an 
indication that the flow is from high pressure stream to low pressure stream. 
Fig ‎3.6 below shows the plots of the measured pressure difference ( P) versus the injection rates 
(Q) for the three sizes of bead. As is clear from the figure, the higher the bead size the lower the 
pressure drop ( P) across the inlet and the outlet, signifies a higher permeability value. Accordingly, 
the permeabilities of the beads were measured to be about 10.2±2, 42.9±2 and 150±5 Darcys for beads 
grade of 11, 9 and 6, respectively. It is worth noting here, that these permeability values were 
confirmed using the simple approach of the falling head method, which is based on measuring the 
volumetric flow rates while recording the falling head difference with time.  
 
Fig ‎3.6. The measured pressure differential with injection flow rates for the different sizes of glass bead.  
2.4.3 Measuring the Longitudinal dispersion: 
One of the important aspects of the VAPEX process is to evaluate the impact of total dispersion, 
produced from diffusional mixing and convective dispersion as a result of velocity gradient and local 
heterogeneity (Taylor 1953, 1954; Aris 1956), on the process. During VAPEX, the solute travels with a 
very small macroscopic velocity and therefore the dispersion of the solute is determined by both 
convective dispersion and diffusion. Alkindi (2009), and his further VAPEX experiments, measured 
the dependencies of both the longitudinal and transverse dispersion against Péclet numbers 
(1<Pe<1000), using glycerol-ethanol as the fluid system (Alkindi et al. 2010). The study also examined 
the influence of the presence or absence of gravity, density and viscosity contrast on the measured 
dispersion values. The influence of packing heterogeneity and particle size was not examined in the 
former study, however, since the range of bead sizes was set throughout the experiments to be between 
150-250µm/grade 11. The measured longitudinal and transverse dispersion coefficients as a function of 
the Péclet number, under the influence of gravity, are described in Alkindi et al. (2010) by the 
following equations: 
Q = 46.821∆P 
R² = 1 
Q = 13.4∆P 
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                  ………………………….……………………………………………..........(3.9) 
  
  
                     …………………………………….……..……………………..…..…....(3.10) 
Here, the method of Brigham et al. (1961) was adapted to measure the longitudinal dispersion (KL) 
at the specific injection rates that were applied in our VAPEX experiments for the three different bead 
sizes. The Brigham et al. (1961) method is basically based on performing displacements experiments 
using the experimental setup shown in Fig ‎3.5. Then the dispersion coefficients were computed from 
the solute versus pore volume applying the 1D ―erf‖ error function solution of the convective-diffusion 
(ADE) (Fick 1829-1901) that was proposed by Crank (1975), Carslaw and Jaeger (1959), Lasaga 
(1998), and many others, to estimate the longitudinal dispersion values given the concentration with 
distance or time: 
        
 
 
       
  
 √    
) ………………………………………………………………...……….(3.11) 
Since the solute front is moving in the porous media due to advection, the distance in the argument 
of the error function x1 has been modified to be equivalent to the distance from the midpoint of the 
flood front (x-vt), rather than the inlet of the model, as in the case of diffusion. The same 2D mini pack 
used in measuring the former properties was used (described in Fig 3.5 as well as the same procedure 
as detailed earlier of packing and flooding the physical model.  
Glycerol was chosen to displace ethanol in the experiments, since this configuration results in a 
very favourable gravity stable displacement (Mend-point~1160>>1) and allows us to disregard issues 
concerned with viscous fingering, which would occur if ethanol were displacing glycerol. This 
approach is supported by the investigations of Menand and Woods (2005) and Flowers and Hunt 
(2007), in which it has been suggested that under gravity stable flow conditions, with no viscous 
fingering, the longitudinal dispersion would not be affected by the density and viscosity of either the 
displaced or displacing fluid. The physical model was mounted vertically to allow the effect of gravity 
as in the experimental VAPEX conditions. The glycerol was injected at a constant injection rate from 
the bottom inlet port and the displaced effluent was produced from the outlet at the upper side of the 
model (i.e. by line drive). The produced effluent from the outlet was sampled using small syringes. The 
samples were collected in minor but sufficient increments with time to ensure that each sample emptied 
the outlet and was thus representative of the effluent at the end of the pack. The Refractive Indices (RI) 
of the samples were measured constantly with time and compared to a prepared calibration curve so as 
to estimate the exact proportions of ethanol-glycerol in the produced effluent. Subsequently, the 
concentration (S shaped) profiles or the breakthrough curves were produced with good precision 
(±0.5%). 
Since the experimental data gives the concentration at a given point (x), as constantly growing 
mixed zone moves past the observer, rather than defining the concentration profile in the porous media 
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at a given time, as in the previously discussed equation, the argument in the error function was 
substituted by: 
    (
    
  
) ……………..…………………………………………………………………….(3.12) 
       (
  - 
  
) or   
 
 
 ……………….……………………………….………….……...(3.13) 
Thus, the argument of the error function becomes: 
  
 √    
 
       
 √          
 
 
 √        
     ……………………………………….……….........(3.14) 
where U the error function parameter is equivalent to 
    
√ 
 ,Vp is the total pore volume, V is the volume 
being injected, and tpore is the time to inject one pore volume. Plotting the error function (U) versus the 
effluent concentration (C), therefore, would produce a straight line trend for the ranges of effluent 
concentration between 0.1 and 0.9, which is within the Fickian diffusion domain. It was shown by 
Taylor (1953) that dispersion K can be calculated from the rate of the growth of the mixed zone and by 
specifying the concentration at the two points as follows: 
  
 
       
[
           
     
]
 
 ………….…………………………………………………….......(3.15) 
X90 and X10 are defined as the distance to the point of 90 and 10 % displacing fluids, respectively. 
Thus, by relating the thickness of the transition zone with the error function U (Eq. 3.11 and 3.12), the 
dispersion values could be calculated as follows: 
  
 
       
[
           
     
]
 
 …………….…………………………………………………….......(3.16) 
If the error function is plotted versus the concentration profile on probability coordinates paper, and 
a straight line drawn through the data points, then, reading the values of U10 and U90, the dispersion 
rates for each experiment can be calculated from the previous equation.  
Displacement experiments were run for three times while varying the bead size loaded in the model 
each time (following the packing and saturation procedure described earlier), so as to measure the 
longitudinal dispersion for each of the three bead sizes. In these experiments, glycerol was injected at 
constant rate of 0.11 cm
3
/min, which is the rate used in all the VAPEX experiments. This suggests that 
the Péclet numbers (   
   
  
) involved in the experiments were increasing with a rise in the 
characteristic length, which is the beads‘ average diameter, since the macroscopic velocity changed 
slightly with the bead diameter while the diffusion values were invariant. The velocities u, average 
bead diameter dp and Péclet number Pe for the three displacements runs are summarised in Table 3.2. 
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Table ‎3.2. Average bead diameter, macroscopic velocity and Péclet number for the three different bead sizes: 
Fig ‎3.7 displays the measured effluent concentration profiles for the three different bead sizes 
during the experiments for measuring the longitudinal dispersion.   
 
Fig ‎3.7. Effluent concentration as a function of pore volume injected observed during the longitudinal dispersion 
experiments for the three different bead sizes (grade 11, 9 and 6), following Brigham et al.‘s (1961) method and 
setting the injection rates to 0.11 cm3/min in all the three sets of experiments (with an error of ±5%). 
Accordingly, the measured longitudinal dispersion KL values were estimated graphically by plotting 
the error function versus the percentage of displaced fluid in an Arithmetic Probability Plot (APP), and 
then from the obtained U90 and U10 figures, the dispersion was calculated using Eq. 3.15. The 
dispersion values were found to be about 8×10
-10
, 1.6×10
-9
and 2.2×10
-9
±10
-10
 m
2
/s, for grade 11, 9 and 
6 beads, respectively. These values were further compared to the dispersion values obtained by tuning 
the dispersion coefficient in (Eq. 3.9) to match the experimental concentration profiles, as proposed by 
Brigham et al. (1961). As expected, the dispersion values estimated from the two approaches compared 
closely (as shown in Fig ‎3.8) 
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Fig ‎3.8. Comparison between the experimentally measured concentration profiles and back-calculated 
concentration profiles from the estimated dispersion values using Brigham‘s approach (a-c); d) Calculation of KL 
from a plot of error function (U) against the effluent concentration on arithmetic probability paper following the 
method of Brigham et al. (1961). 
Interestingly, according to the findings of these experiments, all the measurements appear to be the 
same for the three bead sizes, considering the margin of error.  
Although this contradicts the earlier results of Blackwell (1962), where it was reported that the 
dispersion rates increased with a reduction in particle size, the increase in dispersion reported here can 
been explained by the increase in the regularity of the packing as the particle size decreases, since 
microscopic heterogeneities and irregularities increase with smaller particle sizes, which lead to a slight 
improvement in dispersion. A similar observation was reported by Brigham et al. (1962), who showed 
that, for two geometrically similar packs, but with different particle diameters, the inhomogeneity 
factor ( ) (i.e. the definition of σ is described in Chapter 2 section 2.7.2) would be expected to remain 
independent of the particle‘s diameter, however, in practice, ( ) has been found to increase for packs 
with smaller bead sizes. The increase in inhomogeneity factor has been reported to be about eightfold 
with a drop in bead diameter from 1 to 0.005 mm (Klinkenberg and Sjenitzer, 1956). 
In Blackwell‘s (1962) study, however, Berea sandstone, Torpedo sand and glass beads were used 
and, although the viscosity ratios were fixed through the series of experiments, these sands are 
geometrically different, and their sphericity was not consistent enough for a comparison of dispersion. 
According to Bernard and Wilhelm (1950), Carberry (1958), Ebach and White (1958) and others, the 
shape of the granular material has a significant impact on the measured dispersion values, with the 
more irregular the particle surface area, the more the dispersion value. Accordingly, it is probably that 
the increase in the dispersion was not directly related to the decrease in particle size. Moreover, 
Keuleman (1957), suggested that the separation and rejoining of the streamline channels at high flow 
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rates causes an increase in dispersion values, this was termed as ‗‘eddy diffusion‘‘. The former study 
also proposed that the amount of dispersion is directly proportional to particle size, as:   λ   ̅, where 
E is Keuleman‘s eddy diffusion coefficient, λ is the Keuleman‘s packing coefficient, u is the average 
interstitial velocity and  ̅ is the average particle diameter in the porous media.  
3.4.4 The transverse dispersion: 
In addition to the solvent-oil mixing in the direction parallel to the flow (Longitudinal dispersion), 
there is also mixing in the transverse direction (perpendicular to the flow), (Hiby 1962; Blackwell 
1962; Bijeljic et al. 2004; Bijeljic and Blunt 2007). As mentioned earlier in this section, the transverse 
dispersion dependencies with Péclet numbers were measured by Alkindi (2010), as described by Eq. 
3.9. Using this expression, the ratio of transverse to the longitudinal dispersion (KT/KL), for the range of 
Péclet numbers in these experiments (i.e. using the solvent front velocity in the transverse direction to 
main flow) were calculated to be about 0.0959, 0.225 and 0.390 for bead grades 11, 9 and 6, 
respectively. Accordingly, the transverse dispersion was calculated to be about 7.67×10
-11
, 3.60×10
-10
 
and 8.58×10
-10
 m
2
/s, for grades 11, 9 and 6 beads, respectively.  
According to Sahimi (1995) and Marsily (1986), within the range of Péclet between (0.3<Pe<5), 
into which the Péclet numbers fall, the effect of molecular diffusion and dispersion were proposed to be 
in the same order of magnitude, which agrees well with the estimations. This fairly compares with the 
previous estimations of transverse dispersion from Alkindi‘s work.  
It has been suggested by Bijeljic et al. (2004) and Bijeljic and Blunt (2007), however, based on 
studies performed on lattices of bonds with a square cross section and a radius of distribution which is 
the same as Berea sandstone, that the effect of transverse dispersion decreases as the Péclet numbers 
increase. The ratios of (KT/KL) for the Péclet numbers were estimated to be between 0.361-0.701, and 
thus the transverse dispersion, according to this study, would be about 2.88×10
-10
, 5.76×10
-10
 and 
7.92×10
-10
 m
2
/s. 
Overall, we conclude here that the transverse dispersions for the corresponding Péclet numbers in 
this set of experiments were equivalent to diffusional mixing. This means that using the approximation 
from Alkindi et al.‘s (2010) study would most likely not affect the estimated overall mixing. Table ‎3.3 
summarises the values of longitudinal and transverse dispersion that were estimated for the different 
bead sizes.  
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Table ‎3.3. The calculated transverse dispersion (KT) for the different bead sizes, using the correlation proposed by 
Alkindi et al. (2010), as an approximation: 
Bead Grades/ US 
mesh standards 
Longitudinal 
Péclet 
(fraction) 
Transverse 
Péclet 
(fraction) 
Measured Longitudinal 
Dispersion (m
2
/s) 
Estimated KT/KL 
(ratio) 
Estimated KT 
(m2/s) 
Grade 6 10.7 2.47 2.2×10-9 0.390 8.58×10
-10
 
Grade 9 4.79 1.15 1.6×10-9 0.225 3.60×10
-10
 
Grade 11 2.79 0.68 8.0×10-10 0.0958 7.67×10
-11
 
3.5 Injection Rate: 
During all the analogue VAPEX experiments ethanol was injected at a constant rate using a ‘‘Series 
12×6 HPLC pump’ –with flow precision of ±2%, while the producer was held at atmospheric pressure. 
Both experiments and simulations demonstrated that this resulted in a constant pressure drop 
between the injector and producer, as is required to mimic the VAPEX process. The production rates 
were measured using very small measuring cylinders for accuracy. The calibration of the pump 
validated that injection rates remains constant during the injection process. 
The solvent injection rates were chosen so that all flows within the packs were gravity dominated 
(one of the requirements of the VAPEX process).  
3.6 Packing Heterogeneous Packs: 
Fig ‎3.9 shows the four different layered systems examined in the study. The low permeability layer 
was formed from the finest bead size (Grade 11) while the high permeability layer was represented 
with coarse glass beads (Grade 6). This meant that there was a 1:15 permeability ratio between the 
layers.  
 
Fig ‎3.9.The four different layered packs used in the investigations into the impact of heterogeneity on VAPEX 
performance 
In order to generate these various patterns, very thin sections of glass Perspex with a thickness 
equal to the internal model diameter were positioned gently into the pack (avoiding scratching the 
surface). During this process, the models‘ screws were sometimes slightly loosened before being 
tightened up again once the Perspex sheet was in place. A leak off test was then run to ensure that the 
model was completely sealed by flushing the empty model with CO2 gas at a moderate rate and 
applying drops of liquid leak detector, around the edges of the model. If bubbles were observed to have 
formed, the model would be tightened again carefully.  
 
k2=150 Darcy  
k1=10 Darcy  
k1=10 Darcy  
 
k1=10 Darcy  
 
k2=150 Darcy  
 
k2=150 Darcy  
 
k2=150 Darcy  
 
k1=10 Darcy  
 
k2=150 Darcy  
 k1=10 Darcy  
k1=10 Darcy  
 
 
k2=150 Darcy  
k1=10 Darcy  
k1=10 Darcy  
 
k1=10 Darcy  
 
k2=150 Darcy  
 
k2=150 Darcy  
 
k2=150 Darcy  
 
k1=10 Darcy  
 
k2=150 Darcy  
 k1=10 Darcy  
k1=10 Darcy  
 
 
k2=150 Darcy  
k1=10 Darcy  
k1=10 Darcy  
 
k1=10 Darcy  
 
k2=150 Darcy  
 
k2=150 Darcy  
 
k2=150 Darcy  
 
k1=10 Darcy  
 
k2=150 Darcy  
 k1=10 Darcy  
k1=10 Darcy  
 
 
k2=150 Darcy  
k1=10 Darcy  
k1=10 Darcy  
 
k1=10 Darcy  
 
k2=150 Darcy  
 
k2=150 Darcy  
 
k2=150 Darcy  
 
k1=10 Darcy  
 
k2=150 Darcy  
 k1=10 Darcy  
k1=10 Darcy  
 
a)  b)  
c)  d)  
‎Chapter 3                                                                                                                                     Experimental Setup                                                                                                   
 
88 
 
Beads were then gradually loaded into the vertically clamped pack using the same procedure as was 
followed for the homogenous packs (loading with beads and tapping etc.). Each layer was packed 
individually while sealing the other layers from the open side so as to avoid any mixing between the 
beads/layers. The Perspex sections were then gradually removed again while tapping the pack to re-
distribute the beads and fill all the empty spaces. Typically, more beads were loaded after the former 
step, to cover the unfilled voids occupied with Perspex. The packed model was then sealed and the 
remainder of the procedure followed that for the homogenous packs.  
Two packs were also constructed with discontinuous shales near the injection and production ports. 
The aim of these investigations was (1) to quantify the reduction in VAPEX stabilised oil rates for 
models with shales compared to homogenous models with the same matrix (bulk) permeability, (2) to 
study the effect on the oil drainage rate of increasing the lateral length of the barriers (fixing the barrier 
location), (3) to validate the predictions from the numerical simulations regarding the solvent-oil 
distribution and oil rates.  
For the heterogeneous models with layers, the two cases were selected based on initial numerical 
simulations. In both cases the shale barriers was just above the injector, since according to the 
simulations this would have interrupted the segregation of the V-chamber to the top of the reservoir 
and would have adversely affected the oil rate and recovery. The first model represented a homogenous 
high permeability pack with a single discontinuous shale barrier that was 25% of the total reservoir 
length (~10 cm), while in the second model the length of the barrier was 50% of the reservoir length (~ 
20 cm).  
A compressible rubber strip was used to mimic the shale. In each case the rubber strip was slightly 
wider than the model‘s internal thickness to ensure a complete sealing at the edges and to avoid wall 
affects and movement either of beads or of the barrier during the experiment. The models were then 
saturated with glycerol very slowly, as shown in Fig ‎3.10. 
 
Fig ‎3.10. Glycerol saturation of the bead packs with a single discontinuous shale barrier just above the injector at 
the side with both injector and producer (left hand side of the model): a) High permeability with a 20 cm single 
shale barrier b) High permeability with a 10 cm single shale barrier. 
3.7 Resolving edge/wall effect problems: 
One of major problems in using packed model experiments is the issue of edge or wall effects 
(Perkins and Johnston 1963; Alkindi 2009). The phenomenon is primarily caused by a reduction of 
10 cm 
    a) 
    b) 
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packing density and loss of compaction at the boundaries of the model. Since the surface of the pack is 
smooth, whilst the beads are spherical in shape, the permeability at the edge of the pack is higher than 
the average permeability of the model. The consequent fingering of the injected fluid from the injector 
to the producer through the edges of the model means that earlier breakthrough times are observed in 
physical models compared to the those predicted from numerical simulations. The detrimental effects 
of this edge effect increases with a reduction in model diameter or an increase in injection rates, 
especially for fluids with unfavourable mobility ratios.  
In the previous study of Alkindi (2009), problems with edge effect were resolved by assigning a 
higher permeability for the stream between the injector and the producer that is higher than the pack‘s 
permeability. In addition the perforated wells were assigned a permeability of about 100 Darcys, so as 
to be similar to the open channel injection and production ports in the physical model.  
So as to mitigate as far as possible edge effect problems, in this study the inner surfaces of the 
packs were coated with a thin layer of soft silicone sealant material before allowing some time for this 
to dry before sealing the pack up again (Fig ‎3.11). This sealant provided a soft ―bed‖ into which the 
beads would be pushed once the models was fully packed, thereby ensuring that the permeability at the 
pack edge was not higher than the overall permeability of the model. Since glycerol is chemically 
stable, the only concern was the reaction between the silicone sealant and ethanol. This was tested for 
by using a sample from the silicone sealant, which was weighed before and after soaking it in 100% 
concentrated ethanol and left for at least 24 hours. The results were positive with no evidence of 
reaction between the sample and ethanol being found.  
  
 
Fig ‎3.11. A schematic representation of the soft material used to mitigate the edge effect.  
3.8 Experimental error analysis:  
Experience in application of measurements has shown that no experiment, however carefully 
conducted, can be completely correct and free from uncertainties (Tylor 1997). There many sources of 
errors during experiments, including failure to account for a factor (it is crucial when designing the 
experiments to control for all the external and internal factors influencing the measurements, e.g. the 
surrounding temperatures during measurement of the refractive index), environmental variables, 
instrument accuracy, failure to calibrate the instrument (e.g. the pressure transducer, pump flow rates), 
physical variation (these can be minimised by repeating the measurements), parallax (i.e. errors due to 
the distance between the scale and the experiments), lag time (e.g. error occurring due to the time it 
takes for the device to reach equilibrium time), instrument drift (i.e. the readings from most electronic 
devices drift over time) and of course human errors (e.g. inaccurate measuring, poor techniques and 
forcing the results to agree with expected outcomes). 
  
      
      
   
 
Soft material coating 
Perspex walls of 
bead pack into which 
the beads become 
pushed. 
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During the pre-experiments for measuring the petrophysical properties (including porosities, 
permeability and dispersion) measurements were repeated several times for precision. The final 
measurement was estimated by averaging the values in the most probable range. The uncertainties or 
error margins were incorporated in all the measured properties.  
The propagation of error equations that were used to quantify the experimental errors during the 
experiments are listed below
18
:  
   |
 
     
|     
Assuming that the bulk volume has no uncertainty and the only uncertain parameter in 
measuring the porosity is owed to measurement of the pore volume as a result of possible 
error in measuring the weights of the models before and after saturation.  
   |
   
 
|×
 
   
×
 
  
 
Given that the injection rates or the pump‘s resolution is very high (+ 0.3%) and the error 
in measuring the pressures is the summation of the error in pressure transducer 
measurements and physical error, which has been minimised by repeating the 
experiments. 
      )=
1
2
 1-erf(
  
 √    
) In measuring the dispersion the major uncertainty is the predicted concentration profile 
(C(x,t)), which is related to the accuracy of the refractometer ( ±0.0002) and the 
accuracy of the calibration graph used to translate the RI to concentrations ( ±0.0033%). 
Furthermore, there might be parallax error (described earlier) due to the scale problem 
between the stopwatch used in recording the sampling time at the outlet and the sampling 
time. This problem was eliminated during these experiments, however, since a digital 
stopwatch was used which has the ability to record the time by pressing one button and 
noting down the time after sampling the effluent.  
Another sort of experimental error in measuring the dispersion is the failure to account 
for factors like quantifying the inhomogeneity due to irregularities and microscopic 
heterogeneities in the packing.    
 
 
 
 
 
                                                          
18
 The experimental errors described in this section are not necessarily all relevant to this study. All potential sources of error 
were discussed in general terms due the importance of understanding the possible uncertainties encountered during such 
measurements. 
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Chapter 4  
Experimental Results  
Introduction  
In this chapter, we report the results of a series of laboratory experiments investigating oil drainage 
rates using VAPour EXtraction (VAPEX) in both homogenous and heterogeneous systems. The 
heterogeneities included layering and a single discontinuous shale barrier. All experiments were 
performed in well-characterized glass bead packs using glycerol and ethanol as analogues of heavy oil 
and solvent respectively. All the porous medium and fluid properties (including permeability, porosity, 
viscosity, density, diffusion and dispersion) were measured independently, as detailed in Chapter 3. 
The experimentally measured rates were compared to the estimates derived from the Butler and 
Mokrys analytical model. 
The Butler and Mokrys analytical model was found substantially to underestimate the drainage 
rates in all cases, even when the effects of convective dispersion and end-point density difference were 
factored in. The observed oil drainage rates from the layered packs were between the rates observed in 
homogeneous packs formed from high permeability beads (the upper bound) and from packs with low 
permeability beads (the lower bound). A single discontinuous shale barrier significantly reduced the oil 
drainage rates. 
In this chapter we investigate the influence of macroscopic or reservoir scale heterogeneities on 
VAPEX processes using scaled laboratory experiments. We considered common and typical 
permeability heterogeneities that could be constructed experimentally and that were easy to 
characterize in terms of their petrophysical properties. The results are compared with the predictions 
from the original Butler and Mokrys semi-analytical model using the experimentally measured porous 
medium characteristics and fluid properties as inputs.  
4.1 Results and Discussion:  
4.1.1 Homogenous Systems: 
This section describes the experimental results obtained for the three homogenous models. The 
models were formed by packing the bead pack uniformly with a single grade of bead. This allowed the 
comparison of VAPEX performance with the permeability, porosities and dispersion of each bead size. 
The main objective, however, was to correlate the oil rates with models‘ permeabilities. The 
independently measured petrophysical properties of the different bead size are listed in Table 3.4. 
The solvent injection rate constraints in all three experiments were fixed at 0.11 cc/min at 
atmospheric pressure. The physical cumulative oil production, oil drainage rates and solvent oil ratios 
(SORs) as a function of time for the three different permeability packs are shown in Fig 4.1. 
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Fig ‎4.1. Comparison of experimentally measured a) cumulative oil produced b) oil drainage rates c) Solvent Oil Ratio (SOR) as a 
percentage, with time, for homogenous packs formed from the three different bead grades. The standard deviation in the 
measured oil rates were (  ±0.51, 0.47 and 0.34 cm3/hr) for grades 11, 9 and 6 respectively. 
The averaged experimental stabilised oil drained rates were estimated to be about 1.20±0.51, 
2.90±0.47 and 4.2±0.34 cm
3
/hr, for models with grade 11, 9 and 6 beads respectively. It should be 
borne in mind here that the mixing between the two fluids was confirmed to be ideal (i.e. 1 litre of 30% 
ethanol and 70% glycerol should provide a mixture of 300 ml and 700 ml of ethanol and glycerol, 
respectively).   
4.1.1.1 Comparison with analytically predicted oil rates: 
The measured physical rates were compared with the analytically predicted rates estimated from the 
Butler and Mokrys equation (described by Eq. 3.1). Given that the models were well characterised, we 
were able to reproduce the experimental rates analytically.  
In additional to the petrophysical properties, the VAPEX number Ns (Eq. 3.2) was considered in the 
calculations. The constant Ns is a dimensionless number that factors in all the fluid properties 
controlling the reduction in oil viscosity. Thus, it is only a function of the fluid physical properties and 
remains constant under the same experimental conditions (Butler and Mokrys 1989). Butler and 
Mokrys assumed that the diluted oil drains under gravity primarily due to molecular diffusion, causing 
a reduction in the density and viscosity of oil with solvent, and thus a concentration-dependent density 
was applied.  
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Here, however, we calculated the oil rates based on three different approaches. In the first approach, 
a mutual diffusion coefficient at infinite dilution was used as an approximation (i.e. independent of 
solvent concentration since the fluids were first contact miscible) rather than the concentration-
dependent diffusion coefficients. For this a molecular diffusion value of Dm=6×10
-10
m
2
/s at T=20˚C 
was used (Tominaga and Matsumoto 1990). This approach has been followed in many studies, 
assuming that the diffusion coefficient varies insignificantly with the concentrations.  
In the second approach, meanwhile, the diffusion was replaced by convective dispersion to factor in 
its effect on the estimated produced oil rates. In both approaches, along with the influence of diffusion 
and dispersion in reducing the oil‘s viscosity, the dependencies of density and viscosity with solvent 
concentration at experimental conditions (on which see Chapter 3) were implemented in calculating the 
Ns,.  
The integration of the curve ∫
  ( -  )  
   
    
    
     was obtained using the trapezoidal rule as an 
approximation the area under the curve. For this calculation it was assumed that Cmin is about 0.01 (as 
has been suggested in many studies so as to avoid the irregularities in the integrations that occur if Cmin 
were zero) and Cmax is about 1 (which is equal to the solubility of the solvent in oil at the prevailing 
temperature and pressure). It is worth noting here that these Ns numbers compare well with those 
applied in a range of other studies (e.g. Boustani and Maini 2001; Butler and Mokrys 1989). 
Recently, Zainee et al. (2011) have suggested a third approach for calculating the VAPEX number, 
namely that since the flow is gravity dominated and the reservoir is at vertical equilibrium, the pressure 
at any point in the reservoir is equivalent to the hydrostatic pressure (Coats et al. 1971) and thus the 
pressure within the vapour chamber in the (x-z) plane can be calculated using the following equation:  
where h is the height of the immobile oil at the point (x, z), P0 is the reference pressure at the level of 
the production well, g is the acceleration due to gravity, h is the thickness of the diluted oil layer,  o is 
the oil density,  s is the solvent density and  m is the mixture density, and assuming an ideal mixing 
rule  
 
  
 
-    , where         . Differentiating Eq. 4.1 with respect to h while assuming that the 
thickness of the draining diluted oil layer h is constant, and substituting the resulting expression for 
the pressure gradient in Eq. 4.2 (following Mokrys and Butler 1993a), Darcy‘s equation can be 
rewritten as:  
The expression derived by Zainee et al. (2011), therefore, suggests that the Darcy velocity of the 
solvent at any point within the reservoir is dependent on the gradient of the diffusion layer thickness at 
that point within the reservoir, density difference, permeability and solvent viscosity. Given the 
assumption that displaced oil is replaced through solvent voidage, and given that presumably the oil is 
                                 ………………..…………………………………...............(4.1) 
   
 
 
 
    
  
  
 ………………….………………..………………………………………….......(4.2) 
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initially immobile and it is only the diluted oil that is moving in the reservoir, the solvent oil rates along 
the interface of the vapour chamber should be equivalent to the rate of oil drained to the producer. 
Consequently, it was proposed by Zainee et al. (2011) that the oil is produced due to the influx of 
solvent driven by the end point density difference rather than by the concentration dependent density 
(Eq. 4.3). Taking this into account, it has been proposed that the Ns expression should be modified to 
the following equation using the end-point density difference rather than the concentration dependent 
density: 
The estimated oil rates from the Butler-Mokry equation, with the different Ns assumptions 
explained above, compared with the experimentally measured averaged oil rates, are summarised in 
Table ‎4.1.  
Table ‎4.1. Analytically calculated and experimentally measured VAPEX oil drainage rates for homogenous bead 
packs (high, average and low permeability). The calculations are based on Butler and Mokrys‘ original equation 
but with different assumptions of Ns values: 
Inputs / Oil drainage rates  
Grade 6 
(Coarse bead size) 
Grade 9 
(Avg. bead size) 
Grade 11 
(fine bead size) 
Porosity    (fraction) 0.40 0.387 0.376 
Permeability K (Darcy) 150 42.9 10 
Measured longitudinal dispersion  KL (m
2/s) 2.20×10-9  1.60×10-9 8.00×10-10 
Ns  (Based on Dm)  3.46×10
-6 3.46×10-6 3.46×10-6 
Ns (Based on KL) 1.27×10
-5 9.23×10-6 4.62×10-6 
Ns (Based on Dm+end point density difference) 8.22×10
-6 8.22×10-6 8.22×10-6 
Ns (based on KL+end point density difference) 3.10×10
-5 2.19×10-5 1.10×10-5 
Q (based on Dm) (cm
3/hr)  0.619 0.325 0.155 
Q (based on KL ) (cm
3/hr) 1.19 0.531 0.179 
Q (based on Dm+end point density difference) (cm
3/hr)  0.953 0.501 0.239 
Q (based on KL+end point density difference) (cm
3/hr)  1.85 0.818 0.276 
AVG. Experimental rate (cm3/hr) ± 10 % 4.2±0.34  2.90±0.47   1.20±0.51 
Fig ‎4.2-a, below, compares the physical and analytically calculated stabilised oil rates over the square 
root of the model‘s permeability (  √ ) versus the square root of the permeability (√ ). As is clear from 
the figures the experimentally measured oil rates are consistently higher than the expected rates from 
the analytical model (by~7.6 times the analytically calculated oil rates incorporating diffusional mixing 
only). Using convective dispersion with end-point density difference instead of molecular diffusion 
significantly improved the calculated predictions but, even so, the values were still ~ 3.8 times less than 
those measured experimentally.  
In theory, the relationship is supposed to be almost uniform when implementing molecular 
diffusion alone (since the only variable remaining is the porosity of the models, because the oil rates 
have been normalised with permeability). Conversely, if the longitudinal dispersion dependent Ns is 
implemented, the ratio   √  would be expectedly to increase slightly, since the longitudinal dispersion 
gradually increases with an increase in bead size. The highest analytical estimates of oil rates were, as 
expected, obtained for the Ns scenario incorporating the longitudinal dispersions and applying the end-
point density difference as proposed by Zainee et al. (2011). 
       ∫
(    )
   
    
    
      …………….……………………………………..........…….….....(4.3) 
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Furthermore, despite the high discrepancies between the experimentally measured and the 
analytically estimated oil rates, interestingly, it is evident from both Fig ‎4.2-a and Fig ‎4.2-b that the 
proposed square root dependency between the stabilised oil rates and the permeabilities of the models, 
as anticipated from the Butler-Mokrys, was validated within an experimental margin of error of ±10%.   
 
Fig ‎4.2. a) Stabilised oil drainage rates versus the square root of pack permeability for the different packs formed 
with varying grades of beads; b) the experimentally measured stabilised oil rates versus the model permeabilities 
(left to right). As the plots suggest, the oil rate dependencies with the permeability can be approximated as a square 
root function (accounting for the experimental margin of error).  
4.1.1.2 Growth of the Vapour Chamber: 
During the experiments, the visual spreading of the solvent chamber was captured using a high 
resolution (14megapixels) digital camera and with the aid of the bench lights in the lab. Fig ‎4.3 
compares the solvent-oil distributions observed during the experiments for the high and low 
permeability homogenous models. However, the injection rates were different in these two 
experiments. Although the injection rate for the high permeability model was set to be 0.11 cm
3
/min 
(the same as for the scenario described earlier), the figures of low permeability case displayed here are 
representing a scenario of an injection rate of 0.07 cm3/min was applied to the low permeability model. 
This is since the visual recording of the experiments was decided later after performing the runs with 
0.11 cm
3
/min injection rates for average and high permeability homogenous packs. 
Looking more carefully at these figures it can be seen that, initially, solvent fingering by advection 
is, as expected, wider in the high permeability model than the low permeability model (lower row), 
where a more pinched out and narrow solvent chamber can be observed. This is generally related to the 
better quality of model permeability (K) and the porosity ( ) and dispersivity (αL) in the former 
scenario, since the dispersion of the solvent chamber is highly influenced by these three properties. 
Moreover, at later points in the experiments, a better sweep efficiency can be observed in the higher 
permeability packs compared to the lower permeability ones, since most of the solvent remains in the 
models with high permeability and with substantially lower SORs.  
0
0.2
0.4
0.6
0.8
0 5 10 15
Q
/√
K
 (
m
l/
h
r.
 D
a
rc
y
) 
√K (Darcy) 
Q (based on Dm) (cc/hr)
Q (based on KL ) (cc/hr)
Q (based on Dm+end point density difference)
(cc/hr)
y = 0.44x0.47 
R² = 0.97 
0
1
2
3
4
5
6
0 50 100 150 200
Q
 (
cm
3
/h
r 
) 
K (Darcy) 
AVG. Experimental rate (cc/hr) ± 10 %
Power (AVG. Experimental rate (cc/hr) ± 10 %)
‎Chapter 4                                                                                                                                 Experimental Results 
 
96 
 
 
Fig ‎4.3. Comparison of solvent-oil distributions for both physical and numerical models of homogeneous packs a) 
highest permeability model (formed from grade 6); b) lowest permeability (formed from grade 11). Note that the 
solvent injection rates were different in these experiments.  
4.1.1.3 Comparison with previous work: 
VAPEX oil drainage rates have been investigated in various studies using packed models instead of 
the Hele-Shaw cells that were used in Butler and Mokrys‘ experiments (Dunn et al. 1989; Das 1995; 
Lim et al. 1996; Das and Butler 1998;  Boustani and Maini 2001; Etminan et al. 2011; Karmaker and 
Maini 2003; Yazdani and Maini 2005, 2006, 2009; Kapadia et al. 2006; Cuthiell et al. 2006-2012; Tam 
2007; Rezaei and Chatzis 2010; Alkindi et al. 2008b,c, 2009, 2010, 2011; Moghadam et al. 2009; 
Abukhalifeh et al. 2011; Ahmadloo et al. 2011). In all of these studies, the experimentally measured 
VAPEX oil drainage rates were found to be up to one order of magnitude higher than the analytical oil 
rates. 
To justify these discrepancies researchers have suggested the following justifications: 
I. Higher than expected mixing due to convective dispersion. (Boustani and Maini (2001); Das 
2005; Alkindi et al. 2008-2011). 
II. Das and Butler (1995, 1998) suggested that, for sub-miscible fluid systems, the diluted oil at 
the diffusive layer is drawn to the adjacent pores by capillarity.  
III. A greater emphasis on reservoir height dependency than on the square root function proposed 
in Butler and Mokrys‘ equation. Yazdani and Maini‘s, 2005-2009, Alhmadloo et al. 2011 and 
Abukhalifeh et al. 2011 suggested that the height exponent should be between 1.1-1.13 instead 
of 0.5. 
IV. Using the end-point solvent-oil density difference (  so) instead of a concentration-dependent 
density difference (  sm) in the calculation of VAPEX numbers (Zainee et al. 2011) succeeded 
in improving the analytical rate estimations to some extent, as explained earlier in this chapter. 
In Fig ‎4.4 the analytically estimated and experimentally measured oil rates for this work (for 
homogenous models) are plotted against the Das and Butler (1998) analytical and experimental 
observations. As the plot shows, the experimental oil rates in Das and Butler‘s (1998) work were at 
least 7.2 times higher than the analytical predictions from Butler Mokrys (this suggests that the 
mechanism II is not the cause of the discrepancy as our experiments were fully miscible and thus there 
were no capillary effects). This is consistent with our observations that the experimental rates are about 
7.6 times greater than those predicted by the Butler and Mokrys‘ analytical model. 
PVI=0.009 PVI=0.093  PVI=0.190 
PVI=0.04 PVI=1.23 PVI=0.613 
(a) 
(b) 
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Fig ‎4.4.The asymptotic underestimation of oil rates observed in both Das and Butler‘s 1998 experiments and this 
work.  
4.1.2 Heterogeneous Systems: 
One of the common factors in most of the unsuccessful SAGD pilots was the assumption of 
reservoir homogeneity and the neglect of the significant influence of reservoir heterogeneity, especially 
near the producer and injector (inter-well region), (Ito and Suzuki 1999, 2004; Chen et al. 2007, 2008; 
Li et al. 2011; Dietrich 2012). This section of the study reports the results of the experiments 
investigating the effects of macroscopic heterogeneity (layering and single discontinuous shales). In 
each of the experiments in this section the solvent injection rate was fixed at 0.07 cm
3
/min in order to 
be able to capture the influence of heterogeneity under a less viscous dominated flow. 
4.1.2.1 Models with layers: 
A comparison between the measured stabilised oil drainage rates and cumulative recoveries as a 
function of time for all the homogenous and layered systems is shown in Fig ‎4.5-Fig ‎4.6. Ranking the 
cases in terms of performance, we found out that the best performance, or the upper boundary, was 
observed in the homogenous model formed from the high permeability bead size (Grade 6). The lowest 
oil drainage rates, meanwhile, were observed in homogenous models with the lowest permeability 
beads (Grade 11). The oil rate for the model with the medium permeability (Grade 9) was between 
these two. The interesting observation here is that the oil drainage rate and cumulative recovery from 
models with layers were between the low and high permeability homogeneous cases and exceeded the 
rate/cumulative recovery obtained from the intermediate permeability homogeneous pack for some 
layering patterns. 
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Fig ‎4.5. Experimentally measured cumulative oil recovery measured for homogenous and heterogeneous systems. 
 
Fig ‎4.6. Experimentally measured oil drainage rates with time for the homogenous and heterogeneous packs. The 
standard deviation in the measured oil rates were (σ ±230, 0.252 , 0.382 and 0.0091 cm3/hr) for the 2 layer model 
with the high permeability layer at the top, the 2 layer model with the high permeability layer at the bottom, the 3 
layer system and the quadrant system, respectively. 
4.1.2.2 Growth of the Vapour Chamber: 
Fig ‎4.7 shows the 2D visually captured solvent-oil distribution with time during VAPEX 
experiments for models with various low and high permeability continuous layers: (a) a two layer 
scenario in which the low permeability layer is placed near the upper half of the reservoir, (b) a two 
layer scenario in which the low permeability layer is placed near the lower half of the reservoir, (c) a 
three layer model with the high permeability channel near the injector and, (d) a lensed model, or 
quadrant system, resembling lateral discontinuity in permeability. Comparing these scenarios with the 
homogenous systems, the first observation is that due to the layering and associated permeability 
contrast between the high and low layers (i.e. 1:15), there is a complete bypassing of the oil in low 
permeability zones. Moreover, when looking at the figures carefully, it can be seen that the solvent 
chamber grows preferentially in the higher permeability layer, regardless of position of that high 
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permeability layer. This is particularly obvious in the quadrant model where the juxtaposition of a 
lower permeability quadrant with the higher permeability quadrant prevents spreading of the vapour 
chamber that has been growing in the higher permeability quadrant. This is despite the fact that the 
lower permeability layers has a permeability of 10 Darcy. Clearly the flow is controlled by the 
permeability contrast between the layers rather than the absolute permeability. 
This means that in all the layered scenarios the spreading of the vapour chamber in the lateral and 
vertical directions was limited compared to that in a uniformly packed model with average 
permeability. Moreover, the solvent frontal speed varied for the different permeability layers, i.e. 
       
       
 ⁄    ⁄ , and thus the shape of the vapour chamber would be expected to vary from the 
ideal uniform shape V shape solvent chamber evident in homogenous models. 
 
Fig ‎4.7. Comparison between ethanol-glycerol distributions for a) two layer model with high permeability at the bottom of the 
reservoir; b) two layer model with high permeability at the top of the reservoir; c) three layer model injecting into the high 
permeability layer; d) quadrant system. 
Jiang and Butler (1996) performed similar experiments in a layered system but using crude oil from 
the Tangleflags North field and butane. They also observed that the butane did not enter the low 
permeability layers but attributed this to the solvent being the non-wetting phase and there being a 
capillary entry pressure that the solvent needed to overcome to enter the low permeability layer. Our 
results suggest this was simply due to permeability contrast and nothing to do with wetting/capillary 
pressure effects (as explained in the schematic shown in Fig ‎4.8). 
    
PVI=0.134  PVI=0.0380 a) 
  
PVI=0.028
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b) 
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Fig ‎4.8.  The effect of layering (permeability heterogeneity) on the shape of the vapour chamber during the process 
of VAPEX (modified after Jiang and Butler 1996).  
4.1.2.2 Models with discontinuous shale barriers: 
In addition to the layered systems, we here describe VAPEX experiments that were conducted in 
models with discontinuous shale barriers, so as to quantify the influence of these shale barriers on the 
performance and to validate whether well-converged numerical simulations properly capture the 
influence of these barriers during the VAPEX process (as will be explained in the following chapter).  
 As has been mentioned in the introduction, heterogeneities due to shale barriers are anticipated to 
influence the performance of VAPEX substantially and even more deleteriously than in SAGD (Jiang 
and Butler 1996; Jiang 1997; Al-Hadhrami et al. 2013, 2014). These are very common features in 
heavy oil sands, especially in Athabasca formations (Li et al. 2011). Modelling the influence of shale 
barriers using numerical models appeared inconclusive, since experimental studies have shown that the 
simulators tend to overestimate the bypassing of oil due to shale lenses in miscible displacements with 
adverse mobility under the influence of gravity (Muggeridge et al. 2002, 2005; Kovscek et al. 2008; 
Al-Maamari et al. 2010).The methodology followed in packing these models was described in Chapter 
3. Throughout the study, the scale (length and volume) of the shale barriers has been kept lower than 
the reservoir scale so as to eliminate any interaction from the reservoir boundaries.  
The experimentally measured cumulative production and drainage rates with time for the two models 
with a single discontinuous shale barrier were compared to the performance of homogenous packs with 
no shale and with the same matrix permeability. The results are shown in Fig ‎4.9-Fig ‎4.10. The 
averaged stabilised drainage rates for the three systems are summarised in Table ‎4.2. 
 As anticipated, the oil rates for models with shale barriers were less than the observed rate in 
homogenous packs by at least 11.9%. The interesting observation here is the slight improvement in oil 
drainage rates as a result of increasing the length of the shale barrier. For instance, the average 
experimentally measured oil drainage rates improved by ~6.7 % in the system with a 20 cm 
discontinuous shale barrier compared to the system with a 10 cm shale fixed at the location. This may 
suggest improvement in mixing with the heterogeneities, including shale lenses, resulting in a more 
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dispersed chamber. It should be noted, however, that this difference is close to the uncertainty in the 
measurements, considering the uncertainty error of ±0.21 and ±0.16 respectively for the two scenarios.  
 
Fig ‎4.9.Comparison of cumulative oil produced as a function of time for the homogenous high permeability model, 
the high permeability with 10 cm discontinuous shale model and the 20 cm discontinuous shale model. 
 
Fig ‎4.10. Comparison of oil drainage rates versus time for the high permeability model, high permeability with 10 
cm discontinuous shale model and 20 cm discontinuous shale model. The standard deviation in the measured oil 
rates were (σ ±0.34, 0.21 and 0.16 cc/hr) for the high permeability without shale, high permeability with 20 cm 
shale and high permeability with 10 cm shale models, respectively. 
Table ‎4.2.The experimentally measured average drainage rates for the cases with a shale barrier: 
Experiment 
Run 
Model Description Average 
Experimental Oil 
Rate (cm3/hr) 
Drop in Oil Rate % 
 
   
  (          )
 (          )
 
System 1 High permeability homogenous without shale 4.20±0.34 0.0 
System 2 High permeability with a 10 cm single shale barrier 3.48±0.21 -17.1 
System 3 High permeability with a 20 cm single shale barrier 3.70±0.16 -11.9 
y = 4.31x 
y = 3.78x 
y = 3.54x 
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4.1.2.2.1 Growth of the Vapour Chamber: 
Fig ‎4.11 compares the solvent oil distributions seen in the experiments for both scenarios with shale 
barriers. It can be seen from the figures, that in both cases there is a lens of bypassed oil above the 
shale that is not contacted by the solvent. This agrees with many studies which emphasised that 
bypassed oil is located downstream of the shale barrier rather downstream (Richardson et al. 1978; 
Davies and Haldorsen 1987 and many others).   
There is some evidence in the experiments that this oil is gradually draining off the shale due to 
gravity. The small gap in the shale immediately above the injector allows a small amount of solvent to 
reach the top of the reservoir above the injector but most solvent runs underneath the shale before 
moving off the end of the shale to the top of the reservoir.   
 
Fig ‎4.11.Comparison between ethanol-glycerol for: a) high permeability with 10 cm discontinuous shale b) high 
permeability with 20 cm discontinuous shale. 
4.1.2.3 Permeability averaging for layered systems 
One challenge in the modelling of VAPEX in heterogeneous reservoirs is how best to upscale the 
absolute permeability. Jiang and Butler (1996) suggested that this should be the arithmetic mean 
permeability. We compiled the results of VAPEX oil drainage rates measured for the heterogeneous 
systems discussed in earlier sections and calculated the average permeabilities of these systems using 
both weighted-average permeability arithmetic and weighted-average harmonic methods, as listed in 
Table  ‎4.3. For the quadrant model we also calculated the geometric mean permeability (~38.7 
Darcys), and the effective permeability using renormalization (~23.2 Darcys, see equation in King 
1989).   
Table  ‎4.3. The effective arithmetic and harmonic average calculated permeabilities for each bead pack scenario: 
Case/ Scenario 
k Arithmetic 
(Darcy) 
k Harmonic 
(Darcy) 
Q Exp. measured stabilised 
(cm3/hr) 
2 layer system, high permeability layer at the bottom 94 22.7 2.92±0.25 
3 layer system - injecting at high permeability layer 87 20.6 3.41±0.01 
2 layer system, high permeability layer at the top 94 22.7 3.67±0.23 
Quadrant system 94 22.7 3.34±0.38 
The aim was to validate whether either method for permeability upscaling could be used in the 
estimation of oil drainage rates or whether some more complicated upscaling was required. We plotted 
the observed oil drainage rate against the square root of upscaled permeability using the two methods. 
The results were compared with the values for oil drainage rate as a function of the square root of 
  
PVI=0.0678 
  
PVI=0.0158 
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PVI=0.162 PVI=0.067 PVI=0.0155 a) 
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permeability obtained from the homogeneous packs. The Butler-Mokrys analysis suggests oil drainage 
rate should be proportional to the square root of permeability and this was shown to be the case in 
Fig ‎4.2.    
Fig ‎4.12 compares the two trends of oil rates as a function of both the arithmetic and harmonic 
permeability averages. It can be seen that the oil drainage rates obtained from the layered models fall 
very close to the straight line, formed by plotting the oil drainage rate versus square root of 
permeability for the homogenous models, when the arithmetic mean permeability is used. The rates do 
not fall on this line, when the harmonic mean permeability is used. This indicates that, as suggested by 
Jiang and Butler (1996), the arithmetic mean is a more appropriate method to upscale absolute 
permeability in layered systems. We do note, however, that lower oil drainage rates were obtained 
when the lower permeability layer was above the higher permeability layer than when the higher 
permeability layer was on top, but both cases have the same arithmetic mean permeability. We also 
note that the solvent dose not reach the top of the model when the low permeability layer is on top. In 
this case (which also applies to the three layer and the quadrant models) the effective permeability must 
be calculated for the region of the reservoir accessed by the solvent and the drainage height is also 
reduced. According to Butler-Mokrys equation, the stabilised oil drainage rate would be reduced by a 
factor of √    , where h is the thickness of the high permeability layer and H is the overall reservoir 
thickness. These results are also plotted in Fig ‎4.12, and are most consistent with the results from the 
homogenous packs. 
 
Fig ‎4.12. Stabilised measured oil drainage rates for the layered and quadrant models plotted as a function of the 
square root of the effective permeabilities using arithmetic and harmonic averaging methods and also using a 
scaling based on drainage height. As can be seen, the correlation of the oil rate with the square root of permeability 
times scaled drainage height is most consistent with the results from the homogeneous packs.  
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Summary and Conclusions: 
A series of experiments were performed here to investigate the impact of simple heterogeneities on 
VAPEX oil rates and recovery. These heterogeneities comprised layers, a quadrant model and two 
cases with discontinuous shale barriers above the injection well. Measured rates from physical models 
were compared to analytically estimated rates based on the Butler and Mokrys‘ equation. 
Our results indicated that the Butler and Mokrys derived expression under-predicts the physical 
rates by a factor of 7.6 times if we use molecular diffusion in the calculations. Incorporating the effect 
of convective dispersion (as suggested by earlier works) and using the end point density difference 
instead of the concentration-dependent density difference improved the analytical approximations. The 
discrepancies, however, remained significant, with the rate still being underestimated by ~70.6% (3.4 
times). This would tend to suggest that the Butler-Mokrys model does not properly describe all the 
physical processes that are controlling the oil drainage rate. It appeared that the discrepancy between 
the predicted and the physically measured rates was more marked from the model with higher 
permeability (in which flow was more gravity dominated) whilst a better agreement was obtained for 
low permeability models.  
Results from the heterogeneous models suggest that layering may adversely affect VAPEX. The 
results showed that the performance in systems with layers was less than in homogenous models with 
higher or equivalent permeabilities. They also showed that oil was not recovered from the lower 
permeability layers. The layered systems, however, gave better recoveries compared to homogenous 
models with low permeabilities. It seems that oil drainage rates in these layered systems correlate better 
with the square root of the arithmetic mean permeability than the square root of the harmonic average. 
Upscaling is improved if the arithmetic mean permeability (or the absolute permeability of the upper 
layer does not contribute to the oil recovery) is multiplied by the effective drainage height. 
Interestingly, it appears that permeability contrast is most important in determining whether a layer will 
be swept rather than its absolute permeability. The oil drainage rate was not significantly affected by 
the presence of discontinuous shale for the investigated configurations with shales (i.e. located just 
above the injection well), although there was evidence that oil was bypassed above the shale in each 
case. 
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Chapter 5  
Numerical simulations 
Introduction 
In this chapter we use numerical simulations with a high resolution grid and independently-
measured rock and fluid properties as inputs, to model the VAPEX experiments. The main objectives 
of the chapter are to validate whether the numerical simulations can accurately capture the physics of 
the process, and if so, to validate whether there is a deficiency in the original Butler and Mokrys‘ 
equation.  
5.1 Description of the numerical model: 
A semi-compositional simulator, CMG-STARS (Computer Modelling Group, Canada), was used to 
model the compositional changes between the solvent and the oil. Compositional simulators (either 
fully or semi) are generally selected in modelling the VAPEX process since they are able to capture the 
three potential mechanisms associated with VAPEX, including compositional changes, asphaltene 
deposition and the diffusion/dispersion process. Similar to the VAPEX experiments that were 
performed (see Chapters 3 and 4), the model is a 2D Cartesian in the vertical plane (x-z) with 
dimensions of 40 cm×20 cm×0.6 cm mimicking only half of the vapour chamber. The injector/inlet 
was positioned just mid-way between the top of the reservoir and the producer/outlet at the bottom. 
The model was assigned rock and fluid properties which were directly taken from well 
characterised measured properties, as has been described in previous chapters of this thesis. In 
modelling the systems with heterogeneity (including layering and scenarios with shales), the key aspect 
was to ensure that the geological features were positioned in the same place as in the physical 
experiments and were assigned the right properties (including porosity  , permeability k and 
dispersivity αL\T). To mimic the shale barriers, transmissibility multipliers of zero were assigned to the 
relevant grid cells representing the discontinuous shale barriers. Linear relative permeabilities curves 
were used with no effect from capillary pressure included, since the fluids were first contact miscible 
(FCM).  
Typically, in the numerical modelling of VAPEX experiments with realistic pair of fluids (i.e. 
bitumen-a vaporized solvent), one of the most uncertain inputs to the model is the phase behaviour of 
the mixtures of oil and solvent. Particularly, the laboratory measurement of the phase behaviour is 
tedious and expensive and, therefore, most investigations tend to rely upon regression performed with 
some of the known physical properties to tune the Equation of State (EOS), or on using empirical K-
value correlations (Danesh 1998; Yazdani and Maini 2010). Moreover, characterising the oil in terms 
of the reduced properties of its pseudo-components is also uncertain; since the number of components 
that can be used in the simulator is restricted by the need to minimize CPU processing times (Lee et al. 
1981; Whitson and Torp 1983; Gonzales et al. 1986). In this study, however, all of these issues were 
avoided by using a pair of pure incompressible components (binary system), consisting of glycerol and 
ethanol. The compositional changes in glycerol‘s‘ density and viscosity at a single point of pressure 
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and temperature (ambient conditions), were used as the input to the model, as detailed in Alkindi et al. 
(2008) and Chapter 3 of this thesis.  
As in the experiments, the oil saturations were set to be 100%, with the assumption that neither gas 
nor water was imbibed in the pores. The models were assigned a pressure of 101 kPa and temperature 
of 20 ˚C, as in the physical experiments. The injection and production were controlled using constant 
injection rate and constant production pressure constraints (BHP). It is worth mentioning here, 
however, that, although the injection was controlled using constant injection rates, measurements of the 
injection pressure during some of the experimental runs indicated that once the vapour was established, 
the pressure stabilised to be constant with time, and this same behaviour was also noticed in the 
simulations. This confirms that vertical equilibrium prevails in the diffusive layer and that the flow is 
gravity dominated. The properties of the base case homogenous model, formed from the grade 9 glass 
beads, are summarised in (Table ‎5.1). 
Table ‎5.1. Simulations model properties for the base case model, with grade 9 size beads: 
Grid Type  Rectangular Cartesian  
Number of grid blocks (i×j×k) 200×160 or (0.2 cm×0.125 cm)×0.6 cm 
Aspect ratio (L:H) 2:1 
Initial reservoir temperature (˚ ) 20 
Reference pressure (kPa) 101 
Porosity (%) 38.7 
Permeability (Darcys) 42.9 
Initial water saturation (fraction) 0 
Initial oil saturation (fraction) 1 
Longitudinal dispersion (m2/s) 1.6×10
-9
 
Transverse dispersion (m2/s) 4.97×10
-10
 
Number of producers/injectors 1/1 
Injection constrains/ production constrains  Constant injection rate/constant BHP  
In the next subsections, the method followed in selecting the size of the discretised numerical grids, 
as well as the criteria used in validating whether the simulations are able to model the 
diffusion/dispersion fluxes, will be discussed.    
5.2 Grid sensitivity and physical dispersion:  
In almost all of the simulators, the non-linear partial differential reservoir flow equations are 
replaced by finite-difference approximation with discrete grids. This method, however, can cause 
numerical dispersion and truncation errors (Aziz and Settari 1979). Fanchi (1983) has quantified the 
numerical longitudinal and transverse dispersions with grid thickness, for an upstream-weighting and 
implicit backward difference scheme to be as follows: 
DL,num=1/2 vx      x      ………...……………………………….………………………..…(5.1) 
DT,num=1/2 vy       y     ………………………...…...……………………………………....(5.2) 
Moreover, for accurate numerical modelling of the VAPEX process, to capture the physical 
dispersion precisely so that the numerical dispersion would not dominate, and to model the subsequent 
gravity drainage, a grid refinement must be applied according to the sensitivity study (Lantz 1971). 
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This is a crucial step prior to the simulations, particularly in modelling the VAPEX process, since the 
total physical dispersion resulting from both the diffusion and convective mixing in the interface could 
be close to the numerical dispersion and, in this circumstance, using coarse grid cells could lead to 
miscalculations of the actual oil drainage rates of the process. Since we were limited by the CPU-time 
(Central Process Unit time), however, using very fine grids was not efficient, especially along with the 
required small time steps ( t). Before, describing the method followed in this study, we will discuss the 
limitations in the approach that is often adopted for deciding the appropriate grid resolution in the (x-z) 
plane. 
The approach used here for determining the grid thickness was based on gradually increasing the 
grid resolution of the simulations (starting from a coarse grid), and observing the incremental increase 
in oil rates and the cumulative oil production. The point at which reductions in cell thickness led to 
almost no further change in the oil rates was selected as the most efficient grid cell thickness. This 
approach has been adopted by many studies which integrated between VAPEX simulations to assess 
the capability of those simulations (Das 2005; Nghiem et al. 2001; Cuthiell 2013). Although the studies 
of Dauba et al. (2002), Azin et al. (2008) and Fatemi and Bahonar (2010) reported that the simulations 
were in excellent agreement with the experiments, these studies applied poor grid resolutions in the 
simulations which probably led to the over-prediction of oil drainage rates. Moreover, in a study of 
Kapadia et al. (2006), attempting to model mathematically the physical displacement that was achieved 
in a 2D experiment so as to determine the dispersion coefficient between the solvent and oil, the 
simulations resulted in the four-fold overestimation of the back calculated dispersion, due to the effect 
of numerical dispersion being neglected.  
The figures below describe the sensitivity on grid thickness (   and   ) that was performed in this 
study. As is clear from the figures, numerical dispersion has a significant role in predicted oil rates. In 
addition, the observed solvent-oil distributions, with the shape of the vapour chamber and the 
subsequent diffusion layer, appeared to be highly influenced by the grid resolution in both the x and z 
directions. It would logically be expected that the numerical dispersion might always improve the oil 
rates and thus the performance in VAPEX, however this was not always the case, since with very 
coarse grid blocks the oil rates seemed to decline to some extent. This phenomenon, of degradation of 
the injected solute concentration with an increase in the dispersion value (either numerical or physical 
dispersion) has also been reported by Johns et al. (2000); Haajizadeh et al. (2000); Solano et al. (2001); 
Das (2005) and Adepoju et al. (2013). 
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Fig ‎5.1. The influence of grid thickness in both the x- and z directions on a) cumulative oil produced; b) the 
stabilised oil drainage rates. It has been concluded that the optimum grid resolution is 200×160×1 in the x, z and y 
directions, respectively.  
Therefore, according to the sensitivities on grid thickness in the x-direction (  ), followed by 
screening of the grid thickness vertically (  ) by using the optimum grid thickness in (  ) from the 
preceding step, the optimum grid resolution was selected to be about 200×160×1 in the x, k and j 
directions, respectively, with a grid cell thickness of 0.2 cm×0.6 cm×0.125 cm (Fig ‎5.1). It is worth 
noting, that the rule of thumb often applied for miscible displacement of refining the diffusive layer of 
the interface between the solvent-oil to 6-7 grid cells, cannot be applied in this case since the total 
thickness of the dispersion exceeds 7 grid cells. Moreover, as expected, the gravity segregation process 
and the shape of solvent chamber are highly influenced by the grid resolution, as shown in (Fig ‎5.2). 
According to these sensitivities, capturing the gravity segregation is even more challenging than 
reducing the numerical dispersion. 
 
Fig ‎5.2. Comparison of ethanol-glycerol distributions between two differently discretized VAPEX grids models, at 
the same time step. Interestingly, apart from the influence of grid resolution on the thickness of the diffusive layer, 
it appears that capturing the subsequent gravity segregation and the shape of the vapour chamber is highly 
influenced by the grid resolution.  
5.3 Testing the simulator: 
5.3.1 Modelling the diffusion and dispersion fluxes:  
It was also important to check the capability of the simulator in modelling the diffusion and 
dispersion fluxes. 'This was achieved by examining the mixing between fluids A and B, both 
fluids were assigned the same physical properties (binary equimolar system, with octane‘s density, 
viscosity and molar weight - this is mainly since the analytical solution is valid only under this 
assumptions). We examined the mixing between these two fluids rather than glycerol and 
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ethanol because In this case, since the simulation model is relatively small, a global grid refinement 
was applied, although for large field scale 3D models, either dynamic or local grid refinement is 
recommended (Sammon 2003). The compositional simulator, STARS, models the diffusion flux Jijk of 
component (i) in phase (j) in (k) direction as follows: 
                  F    
 
  
   
 
      
…….…………..……………..…..….………………………..(5.3) 
where   is the porosity,    is the saturation of phase j,     is the molecular diffusion,     is the tortuosity 
for phase j in k direction,            is the concentration gradient of component i in phase j in direction k. 
Since we are testing diffusion and dispersion, we eliminated the diffusional tortuosity dependent term. 
The simulator‘s ability adequately to capture the Fickian diffusional between the solvent and oil 
(velocity independent mixing) was tested through a series of 1D (k-direction) simulations. The models 
were 50 cm×10 cm×10 cm in size for k, j and i directions, respectively, with a very fine grid with a 
thickness of 0.05m –although interestingly a good match was also achieved with a coarser grid. In 
these simulations, the model‘s lower half was filled in the proportion 0.999 to 0.001 with fluids A and 
B, respectively, while the other half was saturated with 0.999 fluid B and 0.001 fluid A. This was 
mainly to initiate a driving force since, in order to eliminate the implicit effect of these properties on 
the tested diffusion. The convection mixing was set to zero since no advection is taking place due to 
flow velocity variations (Pe=0). Diffusion coefficients were assigned for the three directions. The 
predicted simulation profiles for different diffusion coefficients were compared with the basic error 
function analytical solution for 1D convective-diffusion (Fick 1829-1901) proposed by (Crank 1975; 
Carslaw and Jaeger 1959; Lasaga 1998 and many others). The ―erf‖ error function solution of Fick‘s 
Second Law, as known in the literature, was derived based on the assumption of an infinite source of 
concentration with specific initial boundary conditions, where ―x‖ is the distance from the inlet or the 
source – since the velocity dependent distance is zero: 
      
 
 
*       
 
 √   
 + 
 
 
        α   
 
√ 
∫    (   )  
 α
 α
 ……………......……………….(5.4) 
The figures below show a very good agreement between the simulated solute concentration profiles 
and the analytical concentration profiles for very low values of Dm and for more realistic diffusion (Fig 
5.3-a-d), for different Dm coefficients: 
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Fig ‎5.3. Comparison between the analytical and the simulation projected concentration profiles as a function of 
distance, a) Dm =6×10
-7 m2/day, b) Dm =6×10
-8 m2/day, c) Dm =6×10
-9 m2/day, d) Dm =6×10
-10 m2/day. (Pe=0, in all 
scenarios). 
It is evident from the results shown in the figures above (Fig 5.3) that, for the physical conditions 
examined here, the simulator captures the diffusive mixing perfectly in all scenarios. We concluded, 
therefore, that STARS is able to model the diffusive mixing for all diffusion ranges. The absolute of the 
deviation values between the analytically estimated and the simulated concentrations over distance are 
shown in (Fig 5.4). As the figure suggests the matching between the analytical and simulated 
concentrations is worsen as the diffusion values reduce.  
However, consideration of the simulator‘s ability in predicting the diffusional mixing should be 
extended to include more realistic fluids under a gravity stable and un-favourable viscosity flow.  
 
Fig ‎5.4. The deviation between the analytically estimated and the simulated concentrations  
In addition to the diffusive mixing, the spreading of a solute in porous media is induced by the 
mechanically uneven fluid flow and the heterogeneity through the streamline lengths (Lake 1989). This 
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additional mixing is termed as mechanical dispersion (noted first by Slichter 1905). STARS models the 
mechanical dispersion, independently of the molecular diffusion, as a product of velocity and the 
dispersivity, by assigning longitudinal and transverse dispersivity components. The dispersive flux Jijk 
of component i in phase j in direction k is given by: 
      -       α      
 
  
  
 
    ) 
…………………………………...……………………………(5.5) 
In a further series of 1D (200 m×10 m×10 m) simulations, with the same fluid system consisting of 
octane displacing propane. We also examined the ability of the simulator to model the convective 
mixing. In these simulations, the diffusion components were excluded but the same analytical solution 
that was used for modelling the diffusion was applied instead to model the rate of dispersion. It should 
be noted that, since the front is moving, the distance was modified to be the front‘s midpoint distance 
(    ) rather than the distance from the inlet ( ): 
       
 
 
*       
    
 √   
 + ……………………………………………………………………(5.6) 
The figures below compare the analytically modelled profiles with the concentration returned by the 
simulation: 
       
 
Fig ‎5.5. Comparison between the numerically simulated and analytically projected concentration profiles for a 1D 
(200 m ×10 m ×10 m) model with different mechanical dispersivity coefficients. In all the models, the injection 
rate was set in the first runs to be 0.2 m3/day with a Darcy velocity of 0.0057 m/day, while varying only the 
mechanical dispersivities. For the second runs, however, the injection rate was set to 0.06 m3/day and the Darcy 
velocity to nearly 0.0017 m/day. 
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Generally speaking, as can be observed from Fig ‎5.5, the analytical concentration profiles were 
fairly well captured by the semi-compositional simulator for dispersivity values between α: 0.006-10 m 
(since this is the possible range with respect to a reservoir length of 200 m). Nevertheless, it should be 
noted that concentration profiles from the simulations do not change for dispersivity values lower than 
α=0.06 m, probably due to the limitation of numerical dispersion for the specific grid resolution used in 
this study. 
5.3.2 Capturing the viscosity mixing: 
In addition to testing the ability of the simulator to capture the physical mixing through diffusion 
and dispersion, the second crucial aspect was to confirm whether the viscosity mixing between the 
ethanol-glycerol was being modelled properly. According to the experimentally measurements of 
glycerol‘s viscosity with different ethanol concentrations, the viscosity of the mixture was observed to 
behave as described by the logarithmic-mixing rule (referred to as Arrhenius (1887)). The correlation, 
assumes no viscosity interaction between the components of the liquid mixture (as described by Eq. 
5.7): 
   
   
 ∑        
…………………..…………………….……………………………………….(5.7) 
Alkindi (2008b), compared the predicted viscosity with the experimentally measured viscosity of 
pure components and their mixtures in terms of volume fractions, using different pure binary mixture 
correlations including: the ideal-mixing rule (i.e. Bingham 1914) and Shu‘s (1984) correlations based 
on the Lederer (1933) correlations. It was found that the ideal-mixing rule provided the best 
representation of the viscosity of the mixtures. Interestingly, CMG, STARS default viscosity mixing 
rule is the ideal-mixing rule; this was very convenient as no further regression on oil viscosities was 
required.   
 
Fig ‎5.6. a) Comparison between the experimentally measured viscosities, estimated viscosity using the logarithmic 
mixing rule and that predicated by CMG, STARs, for different concentrations of ethanol. This confirmed that 
CMG, STARS, is capable of modelling the viscosity mixing between the ethanol-glycerol; b) the deviation of the 
analytically calculated mixture viscosities using the logarithmic mixing rule and the experimentally measured.  
These sections, therefore, have shown that CMG, STARS is able to capture the physical diffusive 
mixing by both diffusion and dispersion reasonably well. Moreover, it appeared that simulator captures 
the compositional dependency of glycerol-ethanol mixture viscosity particularly accurately.  
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5.4 Well Radius:  
A further aspect that was considered in the simulation model was to ensure that the well radius of 
the producer and injector were representative of the inlet and outlet in the physical model. In STAR, 
the radial inflow well model (RIW) is solved by coupling the average pressure of the grid block with 
the pressure of the wellbore. Assuming that the grid block has an effective radius (re), then the RIW 
can be solved for the effective well radius (re) and the wellbore radius (rW). STARS, applies 
Peaceman‘s (1977, 1978) equation for predicting the effective well radius, which can be described 
from Eq. 5.8, for general anisotropic permeabilities (kx≠ z): 
   
     [(     )
       (     )
      ]
   
(     )    (     )   
 ….…………….………….…………………………(5.8) 
Where the equation is simplified as follows, for the isotropic permeability model:  
         √  
      …………...…………………………………….………………………….(5.9) 
The main issue with default re described is that, with very fine grid blocks, the effective well radius 
could be lower than the well radius, and this is theoretically impossible since the re/rw term in the 
inflow equation must remain higher than 1. In this scenario, running the simulation might not be 
possible. This did not apply in the simulations in this study, however, and the default calculated well 
radius rw in the simulator was found to be close to the precisely measured inlet and outlet channels of 
the bead pack model. Moreover, the sensitivities on rw showed that the oil rates were almost entirely 
unaffected by either changes in rw or increases of up to twofold in the permeability near the injector and 
the producer (as can be observed from Fig ‎5.7). This may suggest that the pressure difference between 
the wells (BHP) and the grid block is almost negligible, which should be the case in VAPEX (Butler 
and Mokrys 1989). 
 
Fig ‎5.7. Sensitivities on the wellbore radius (rw) and permeability near the injector and the producer. As the figure 
suggests, the influence of these on oil rates and cumulative oil production are negligible.  
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5.5 Results and discussion:  
In this section, the results from the simulations are compared with the experimental results, 
concentrating first on the homogenous models and then considering in turn the models with 
heterogeneities including layering and discontinuous shale layers.  
5.5.1 Homogenous scenarios:  
Fig ‎5.8 and Fig ‎5.9 compare the simulated and physically measured values for oil production rates 
and cumulative oil produced for the three different homogenous scenarios (high, medium and low 
permeability models representing grade 6, 9 and 11 glass beads, respectively). As in the experiments, 
the ethanol injection was set to be 0.11cm
3
/min in these scenarios, as was explained in the previous 
chapter. The porosities  , permeability k, longitudinal KL and transverse KT dispersion were modified in 
all models to reflect the actual measured properties of the models.  
 
Fig ‎5.8. Comparison between the experimentally measured and simulated oil drainage rates, for the three VAPEX 
homogenous system models, with high, medium and low permeabilities, corresponding to grade 6, 9 and 11 bead 
sizes. As can be clearly observed, the experimentally measured oil rates were higher than the simulated rates in all 
three scenarios.  
 
Fig ‎5.9. Comparison between the experimentally measured and the simulated cumulative oil rates for the three 
VAPEX homogenous system models, with high, medium and low permeabilities, respectively corresponding to 
grade 6, 9 and 11 bead sizes. As can be clearly observed, the experimentally measured oil rates were higher than 
the simulated rates in all three scenarios. 
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Fig ‎5.8 and Fig ‎5.7 show that for all three homogenous models the experimentally measured oil 
rates and cumulative oil produced were each significantly higher than the predictions from the 
numerical simulations. The discrepancy between the average experimentally measured oil rates and the 
numerically predicated rates was about ~-29.2% for the high permeability model, ~-46.6% for the 
model with intermediate permeability and about -25.8% for the model with the lowest permeability. 
The lower permeability model therefore represented a slightly better match compared with the other 
two scenarios. It can also be noticed from the figures that the solvent breakthrough times (BTT) were 
much earlier than predictions from the numerical simulations, this is more likely due to the edge effect 
which still exists in the model, despite attempts to mitigate this issue. Even if we considered the margin 
of error in the physical oil rates, they are still higher than the simulated oil rates. 
Table ‎5.2.Comaprsion between the experimentally measured and the predicted average stabilised oil drainage rates 
from the simulator:  
Experiment Run Model Description Average 
Experimental 
Oil Rate  
(cm3/hr) 
Average 
Simulated Oil 
Rate  
(cm3/hr)  
Underestimation of oil rate % 
      (   )
 (   )
 
Grade 6 (700-850)µm High permeability homogenous model  4.20±0.34 2.97 -29.20 
Grade 9 (300-400)µm Average permeability homogenous model  2.90±0.47 1.65 -45.0 
Grade 11 (150-250)µm Low permeability homogenous model  1.20±0.51 0.89 -25.8 
5.5.1.1 Growth of the Vapour Chamber: 
The second aspect that that was considered in the comparison between the experiments and the 
numerical simulations was the spreading of the solvent chamber with time. Fig ‎5.10 compares the 
solvent-oil distributions predicted by the simulator (second and fourth rows) with the observed 
saturation profiles (first and third rows) for the low permeability and high permeability homogenous 
packs. As was detailed in Chapter 3, the images for the low permeability experiments shown here were 
captured for a run with a solvent injection rate of 0.07 cm
3
/min rather than 0.11 cm
3
/min, whilst the 
injection rates for the high permeability model shown here was maintained at 0.11 cm
3
/min. 
It can be seen that, overall, the simulations captured the pattern of the solvent segregation and the 
physical diffusion boundaries observed in the experiments. To attain this good agreement in capturing 
the solvent front and modelling the strong gravity override observed from the physical model, however, 
further grid refinement was applied to the top five rows of cells, to model the subsequent gravity 
segregation (in additional to the global refinement of the grid). In addition, the permeabilities of these 
grid cells were multiplied by 100 so as to resemble the possible incompaction of the packing near the 
upper edge of the model, which would cause the solvent tongue to spread more quickly. The same 
observation was noted by Alkindi (2009), where a stronger gravity dominated flow was observed in the 
physical experiments compared to the simulations, although the former study was limited by less clear 
snapshots of the solvent-oil distributions (i.e. only one snapshot during the solvent spreading stage; 
Alkindi 2009) and by problems with the bleaching of the dyed solvent, which possibly led to 
difficulties in comparing the solvent concentration boundary contours with those from the simulations.  
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Table ‎5.3. Simulation and experimental average oil drainage rates for both models (high and low permeability 
packs): 
Model Description 
Q Experimental 
(cm3/hr) 
Q  
simulation 
(cm3/hr) 
∆ (Q Experimental- Q simulation)/(Q 
Experimental) 
% 
High Permeability Case (injection Rate of 1.1 cc/min) 4.2 2.97 29.8 
Low Permeability Case (injection Rate of 0.07 cc/min) 0.584 0.57 2.37% 
 
 
Fig ‎5.10. Comparison of solvent-oil distributions for both physical and numerical models of homogeneous packs 
a) highest permeability b) lowest permeability system. 
 
 
Fig ‎5.11.Comparison of experimentally measured and numerically simulated oil rates for the highest permeability 
model (left) and the lowest permeability model (right). 
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5.5.2 Heterogonous scenarios:  
5.5.2.1 Models with layering: 
We then compared the physical oil rates from the VAPEX experiments incorporating 
heterogeneities in lateral and vertical permeability, with those predicted using STARS. As was 
described in earlier chapters, the scenarios investigated consisted of a two layer model with two 
continuous layers in which the high permeability layer was placed at the bottom of the reservoir; 
another two layer system, this time with the high permeability layer at the top of the reservoir (the 
volume fractions between the high and low permeability layers were meant to be nearly the same in 
these two systems). The third system investigated was a scenario with three continuous layers where 
the injector was located in the high permeability layer in the middle of the reservoir, whereas the other 
two layers at the top and bottom of the reservoir had lower permeabilities. The final scenario was a 
quadrant system that was considered to test the impact of lateral variation in permeabilities on the 
process of VAPEX. In all of these scenarios the permeability ratio between the low and high 
permeability layers was about 1:15 (i.e. these were formed using grade 11 and 6 bead sizes 
respectively). Moreover, no additional local grid refinement was applied for the simulation of the 
model layers, unlike with the homogenous cases.  
Table ‎5.4 summarises the stabilised oil rate obtained from the physical models with those 
predicated from the simulations for the heterogeneous scenarios discussed above. As is clearly shown, 
the simulations under-predicted the oil rates in all four scenarios by at least 31%. This agrees with the 
homogenous permeability scenarios, where the physical oil rates were also significantly higher than the 
predictions from the simulations.  
Table ‎5.4.Comparsion between the experimentally measured and the predicted average stabilised oil drainage rates 
from the simulator:  
Model Description Average Experimental Oil Rate  
(cm3/hr) 
Average Simulated Oil Rate  
(cm3/hr)  
Underestimation of oil rate % 
      (   )
 (   )
 
2 layers high permeability layer at the top 3.67±0.23 0.552 90 
2 layers high permeability layer at the bottom 2.92±0.25 1.74 31 
3 layers (injecting at the high permeability) 3.41±0.01 1.56 54 
Quadrant system 3.34±0.38 1.75 46 
 
5.5.2.1.1 Growth of the Vapour Chamber: 
Interestingly, the profiles of the spreading of the solvent chamber predicted from the simulator were 
close to the observed solvent-oil distributions in all the scenarios with heterogeneities (as shown in 
Fig ‎5.12). The main observation here is that the solvent chamber has a more uneven shape compared to 
that in the homogenous scenarios, where an ideal V-shape vapour chamber was observed and which 
extracted oil uniformly across the reservoir. Moreover, due to the high permeability contrast between 
the layers, a clear bypassing of oil from the low permeability layers is evident in these scenarios and we 
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can also observe that diluted oil confined in-between the layers is not drained downwards to the 
producer but is channelled upwards. 
This phenomenon was explained in detail in section 4.3.4.1.1 of the previous chapter, where it has 
been described that the local velocities of the solvent front will vary significantly with the 
characteristics of the layers (permeability, porosity and dispersivity). As was explained by Lake and 
Hirasaki (1981), in heterogeneous scenarios with very low transverse dispersion (which is the case 
here), the equilibration of the solvent concentration in the transverse direction would be insignificant so 
that the longitudinal dispersion would dominate the overall mixing. However, moderate mixing by 
transverse dispersion in addition to the superimposed longitudinal dispersion (known as Taylor‘s 
dispersion) would equalize the perturbation of the solvent fingering in a transverse direction; although 
the impact of heterogeneity would still be apparent in the solute concentration profiles.   
In the 2 layer system with the high permeability layer at the top (Fig ‎5.12 ) the solvent bypassed the 
oil at the bottom layer (with lower permeability), and advanced to the top of the reservoir where there 
was a higher permeability layer. Referring to Table ‎5.4 we can see that this configuration still recovers 
more oil and at a higher rate compared to the scenario with the high permeability layer at the bottom of 
the reservoir, although visually the macroscopic sweep appears similar (seen from Fig ‎5.12). This 
agrees with Jiang and Butler‘s (1996) VAPEX experiments and also Yang and Butler (1992), who used 
a similar system with high permeability zones at the top in SAGD.  
The quadrant model and the three layer model both had similar cumulative recoveries and oil 
drainage rates, possibly since the weighted-average arithmetic permeability in these systems were close 
(80 and 87 Darcys, respectively). In the quadrant system, however, the movement of the solvent 
chamber away from the injection well appeared to be hindered when its leading edge reached the 
bottom right, low permeability, quadrant. With time, however, the solvent still finds its path into the 
other high permeability quadrant. Interestingly, within the macroscopic scale layers (lenses) the solvent 
chamber can be considered to be almost uniform, yet the oil rates are no longer stable for this scenario 
due to the change in lateral permeability.  
Overall, high resolution simulations capture the solvent front observed from the experiments with 
heterogeneities reasonably well, although a higher gravity dominated flow was observed in the 
experiments compared to the simulations. 
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Fig ‎5.12. Comparison between ethanol-glycerol distributions for: a) the two layer model with high permeability at 
the bottom of the reservoir; b) the two layer model with high permeability at the top of the reservoir; c) the three 
layer model injecting into the high permeability layer; d) the quadrant system. Its noteworthy here that no further 
local grid refinement has been applied here to top five rows of grid cells (as in the homogenous models) to model 
the stronger gravity segregation seen in the experiemnst.  
We surmise that this disagreement between experiments and the simulations might be due to the 
way in which gravity terms are modeled in STARS, in common with most commercial simulators, uses 
upstream weighting to determine fluxes into and out of grid cells. Standard upstream weighting can 
lead to errors when flow is gravity dominated as stagnant points or ''sonic points '' can occur (Leveque 
2008). Similar problems in the modeling of gravity dominated flows in vertical miscible displacements 
through a system with a single shale have been observed by Muggeridge et al. (2005). Methods to 
improve the modeling of gravity dominated have been discussed by Edwards (2005). 
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5.5.2.2 Models with discontinuous shale barriers: 
As was explained in the last chapter, the physical oil rates obtained from models with discontinuous 
shales were lower by at least ~-11.1%, than the homogenous model with no shale, with the same matrix 
permeability (150 Darcy in this case). As listed in Table ‎5.5:  
Table ‎5.5. The experimentally measured average drainage rates for the cases with a shale barrier: 
Experiment 
Run 
Model Description Average 
Experimental Oil 
Rate (cc/hr) 
Drop in Oil Rate % 
      (          )
 (          )
 
System 1 High permeability homogenous without shale 4.20 0.0 
System 2 High permeability with a 10 cm single shale barrier 3.48 -17.1 
System 3 High permeability with a 20 cm single shale barrier 3.70 -11.9 
Surprisingly, the simulated oil rates from these scenarios with discontinuous shale barriers 
compared to the homogenous model were only slightly reduced, as listed in Table ‎5.6. Comparing the 
discrepancies in simulated oil rates in these scenarios, with findings on experimentally measured rates, 
it is clearly evident that numerical simulations substantially underestimated the reduction in oil rates 
due to the shale barriers. 
Table ‎5.6. The oil rates predicted for the shale systems by numerical simulation:  
Experiment 
Run 
Model Description Simulations 
predicted Rate 
/KL(cc/hr) 
Drop in Oil Rate % 
         (          )
 (          )
 
System 1 High permeability homogenous without shale 2.97 0 
System 2 High permeability with a 10 cm single shale barrier  2.93 -1.50 
System 3 High permeability with a 20 cm single shale barrier 2.88 -3.25 
5.5.2.2.1 Growth of the Vapour Chamber: 
Fig ‎5.13 compares the solvent oil distributions seen in the experiments with those predicted by 
simulation. It can be seen that the numerical simulations reasonably capture the patterns of the solvent-
oil distribution with the interruption of the chamber by the discontinuous barrier with the time. 
Although, similar to the observations from simulations of the systems previously discussed, the 
simulations appeared not to capture the strong solvent segregation that was observed in almost all 
experiments.   
Moreover, similar to the findings from the experiments, the simulations modelled the bypassed oil 
lens upstream of the shale barrier, although it appeared to take longer in the simulation for the bypassed 
oil to be drained by gravity than in the physical experiment. The numerical simulation models were 
able to capture solvent-oil distributions and the basic flow behaviour seen in the experiments although, 
as noted in previous sections, the level of gravity segregation was higher in the experiments than in the 
simulations.  
‎Chapter 5                                                                                                                                Numerical simulations                                                                                                  
122 
 
 
Fig ‎5.13.Predicted glycerol-ethanol distributions based on the simulation model using STARS for the single 10 cm 
(first two rows) and a 20 cm (the second two rows) discontinuous shale. 
5.6 Impact of edge affects: 
As has been detailed in Chapter 4 of this thesis, the issue of edge or wall effects was looked at prior 
to the main VAPEX experiments. It was found that coating the inner surfaces of the bead pack with a 
thin layer of Silicone Sealant (Polydimethylsiloxane (PDMS)), delayed the solvent breakthrough 
around the edges of the pack.  
Although, according to the observations, this would reduce the flow of solvent near the edges, the 
problem was not completely resolved, and earlier solvent breakthrough was evident in almost all the 
experiments compared to the breakthrough times predicated from the simulator. In particular, the 
problem was accentuated since the experiments were designed to mimic half of the vapour chamber, 
and subsequently, the inlet and outlet of the model were placed right at the edge of the pack. The same 
observation has been reported in Alkindi (2009) where, in conjunction with increasing the 
permeabilities around the injector and producer, the wall effect was taken account of by amplifying the 
grid cell permeabilities for the first few rows in the side facing the injector and the producer, by a 
factor of 1000. It should be remembered that the grid cells in the simulations of the former study were 
slightly coarser than those applied in here. Moreover, only one snapshot of the solvent distribution was 
compared during the first two stages in VAPEX (i.e. the solvent raising stage and the stabilisation of 
the solvent chamber), when most of the mixing potentially occurs during the transient time while the 
solvent tongue is still segregating vertically and laterally to the other boundary of the reservoir. 
According to the sensitivities on edge effects using the numerical simulations, however, they have 
an insignificant effect on the stabilised oil rates, although this may still lead to earlier breakthrough 
times and factoring this into the simulations appeared to improve the accuracy of the predicted solvent-
oil profiles, as was explained in section 5.5.1.1.  
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5.7 Sensitivities on VAPEX:   
One of the advantages of numerical simulations over the physical experiments is the ability to 
investigate a particular parameter, while assuming that the remainder of the inputs are independent of 
the variable (e.g. dispersion and scale are physically implicitly related (Gelhar et al. 1979; 1992; 
Pickens and Grisak 1981, Arya et al. 1988; Mahadevan et al. 2003; Jha et al. 2009; Garmeh and Johns 
2009; John et al. 2010), yet we can run sensitivities on dispersion alone using simulations eliminating 
the scale-dependency). Moreover, studying the impact of some of the sensitivities on VAPEX using a 
2D lab-scale model with a fluid system consisting of simplified pure components at ambient conditions 
could be a more efficient and simple approach than using a field scale model with actual heavy oil and 
vapour.  
Here we performed a sensitivity study of some of the parameters so as to investigate their impact on 
the VAPEX process. The model used here is a 2D model, which is 120 cm×20 cm×0.6 cm in the i, j 
and k directions respectively. The width of the reservoir (L) was extended so as to be able to 
investigate a higher range of reservoir drainage height (h) while preserving the aspect ratio (H:L) to be 
lower than one. The same analogue fluid system consisting of glycerol-ethanol was used in order to 
avoid retuning the EoS or lumping of oil components with reduced pseudo-component properties. 
Ethanol was injected with a constant injection rate constraint, while allowing the diluted glycerol to be 
produced under a constant BHP constraint, as in the physical experiments. The longitudinal and 
transverse dispersions were set in all the simulations to be about 9.7×10
-10
m
2
/s. A grid refinement was 
applied to select the most efficient grid to be used, and this was found to be 0.2 cm ×0.2 cm ×0.6 cm 
(dx, dk and dj), respectively – noting that the convergence of the model (using a discrete scheme rather 
than a differential equation with an exact solution) should be checked by halving the selected time step 
(∆t) and the model thickness (∆x) and comparing the oil rates from the two models (Roache 1976). The 
numerical dispersion in the simulations has been quantified by calculating the total dispersion from the 
VAPEX number, Ns, using the simulated oil rates from a scenario without inputting physical dispersion 
(Ktotal = K physical+K numerical), in this case the numerical dispersion was found to 2.96×10
-10
 m
2
/s (which is 
almost in the range of transverse dispersion). 
5.7.1 Influence of absolute permeability: 
Fig ‎5.14a-b compare the dependency of the stabilised oil rates with the permeabilities, as predicted 
from the simulations, with the analytically estimated oil rates from the Butler-Mokrys derivation, under 
different assumptions for calculating the Ns (these were detailed in the previous chapter). The injection 
oil rate was set to be 1.2 cm
3
/hr in these simulations. As is evident from the figures, the simulated oil 
rates seemed to increase linearly with the square root of permeability, as anticipated from the Butler-
Mokrys derivation. It appears, however, that the analytical oil rates proposed by the original Butler-
Mokrys equation (i.e. incorporating concentration dependent density with molecular diffusion 
(Dm+ρ(c)) substantially under-predicted the oil rates. The simulated stabilised oil rates for models with 
lower permeabilities (K<25 Darcys) did, however, match the analytically estimated rates using the 
modified Butler-Mokrys more closely (i.e. applying convective dispersion and end-point density 
difference (KL+Δρ)). Moreover, for a higher range of permeabilities, the simulated stabilised oil rates 
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showed a lower dependency on permeabilities, where the oil rates were close to the analytically 
calculated rates from molecular diffusion and the end-point density difference (Dm+Δρ).  
This conclusion is in agreement with Butler-Mokrys‘ findings, which show a better agreement between 
the empirical correlation and the oil rates estimated from the Hele-Shaw cell experiments in high 
permeability models. Moreover, according to the sensitivities on injection rates, the dependency of the 
stabilised oil rates on permeability was found to be independent of the injection rate.  
 
Fig ‎5.14. Comparison of simulated oil rates with the analytically estimated rates from the Butler and Mokrys 
derivation. The analytical oil rates were calculated by implementing different assumptions for the VAPEX 
numbers.  
5.7.2 Influence of drainage height: 
Next, we investigated the dependency of the stabilised oil rates on reservoir drainage height (h). 
The models were all isotropic with a permeability of 10 Darcies and a porosity of 0.39. It also worth 
noting that grid discretization was set in all the scenarios, this step was crucial in order to keep the 
effect of numerical dispersion consistent between the scenarios. Moreover, since for models with 
different reservoir height (h), the horizontal velocity of the solvent front (vvertical =Q/(h Δw  ), would 
change with the corresponding model thickness (∆w), leading to inconsistency in the sensitivity. Thus, 
by directly scaling the injection rates according to the model height, we fixed the gravity numbers 
(Ng/v) in all the scenarios. It was also assumed that molecular diffusion dominated the mixing process, 
thus the Dm was set to be consistent in all the scenarios. Moreover, the scale dependency of dispersion 
was neglected; given that the difference in model thickness was only a few centimetres here (i.e. we are 
only investigating the influence of the gravity head on the performance). Finally, the aspect ratio was 
set to be 1:1 in all the scenarios, so as to eliminate any influence of the aspect ratio (H/L=1) on the 
gravity dominating the flow. Table ‎5.7 summarises the oil rates obtained from the simulations with 
those analytically calculated from the original equation (i.e. with the proposed square root dependency 
n=0.5) and with the best match (i.e. replacing n with 0.663 rather than the 0.5 (i.e. a higher dependency 
on reservoir height). For a reservoir thickness of nearly 20 m, this implies a nearly 63% improvement 
in oil rates, assuming m=0.663 height dependency. 
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Table ‎5.7. Comparison of the stabilised oil rates predicted from the simulations with the analytically calculated 
rates from the  Butler and Mokry‘s equation assuming the original proposed square root functionality (n=0.50) 
with the best match (n=0.663). 
Model dimensions (L×H) 
Q Simulated 
(cm3/min) 
Q Butler and Mokrys 
(H0.5 + only molecular diffusion 6 ×10-10 m2/s) 
(cm3/min) 
Q Butler and Mokrys 
(H0.663 + including the numerical dispersion value to 
be 4.4 ×10-10 m2/s)
 
(cm3/min) 
200×200 cm2 0.0205 0.0091 0.0215 
100×100 cm2 0.0136 0.0064 0.0136 
80 ×80 cm2 0.0117 0.0057 0.0117 
60×60 cm2 0.0097 0.005 0.0097 
40×60 cm2 0.0074 0.004 0.0074 
30× 30 cm2 0.0061 0.004 0.0061 
20×20 cm2 0.0047 0.003 0.0047 
 
 
Fig ‎5.15. Comparison between the numerically simulated dependency of the stabilised oil rates to reservoir height, 
with the best match  
As is clear from the figure above, the simulated oil rates perfectly matched the analytically 
calculated rates from the modified Butler-Mokrys by replacing the suggested square root dependency 
with n=0.663. The analytical prediction based on the hypothesized square root dependency, however, 
substantially underestimated the oil rates (by at least ~46.7%). The detailed sensitivities described in 
Chapter 7, using field scale models with greater viscosity and density contrast between the solvent and 
oil, appear, however, to show a linear dependency between the oil rates and reservoir thickness, a result 
which has been found in many other studies (Yazdani and Maini 2009; Ahmadloo et al. 2011; 
Abukhalifeh 2010). This may be because of improvement in the dispersion with scale, or it may be a 
result of the change in the gravity numbers used throughout the sensitivities in these experimental 
models, which may give deceptive results in respect to a higher dependency in reservoir models.  
Summary and Conclusions: 
In this chapter we validated the numerical simulations using the experimental observations from the 
homogenous and heterogeneous systems discussed in the preceding chapter. A global refinement was 
applied to the models so as to reduce the influence of numerical dispersion and to improve the captured 
profile of the solvent gravity segregation and the prevailing vertical equilibrium at the interface. The 
fine grid was needed to capture the development of the vapour chamber and the ensuing drainage of the 
diluted oil under gravity as well as to ensure that physical diffusion dominated the solvent oil mixing 
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rather than the numerical dispersion. The properties used in these simulations (including porosity  , 
permeability k and dispersivity αL\T) were all measured independently. 
Overall, the estimated rates from the simulations were more comparable to the physical rates than 
those estimated from the original Butler-Mokrys analytical derivation (i.e. pure diffusion driven mixing 
and using a concentration dependent density). Despite this, the predicted stabilised oil rates were lower 
than the measured oil rates in all the scenarios. It appeared, however, that the discrepancy between the 
predicated and the physically measured rates was more marked for the model with higher permeability, 
whilst a better agreement was obtained for low permeability models (i.e. in which the flow was more 
gravity dominated). Comparisons between the observed and predicated solvent-oil distributions 
suggested that flow was less gravity dominated in the simulations than in the experiments. It is possible 
that the horizontal growth of the vapour chamber in the experiments was due to higher permeabilities at 
the top of the pack, however increasing the permeability in the top few rows of grid blocks in the 
simulation did not improve the match. It seems possible that this discrepancy is due to the fact that 
simple upstream weighting dose not capture flows properly around the sonic point. Improved 
numerical methods such as those described by Edwards (2005) may be needed to improve predictions 
of gravity dominated flow. Further work needs to be done to determine the exact cause of the 
discrepancies between the simulation and the experiments. Until this is resolved the quantitative results 
from even fine grid simulations of the VAPEX process should be treated with caution although the 
qualitative differences in recovery between different realizations of geological heterogeneity are 
probably correct.  
For the heterogeneous models with layers, the flow behaviour and the different patterns of growth 
of the solvent chamber were well captured in all simulations. However, it appears that for models with 
discontinuous shale barriers, the simulations tended to underestimate the drop in oil rates, since the 
findings from the experiments suggested that the process is highly affect by shale barrier.   
A sensitivity study was also performed to investigate the influence of permeability and reservoir 
drainage height using the comprehensive numerical simulations. The study confirmed the proposed 
square dependency of the oil rates and the absolute permeability, which agrees with the findings of 
many researchers. A higher dependency between the stabilised oil rates and reservoir drainage height 
was observed, however (i.e. h
0.663 
rather than the proposed square root functionality h
0.5
, a similar 
conclusion was drawn in Alkindi 2009, which proposed that oil drainage rates rate is a function of h
0.67
 
rather than the h
0.5
), noting that the gravity to viscous forces were set to be the same throughout these 
simulations. 
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Chapter 6  
VAPEX and SAGD for a Realistic Field Scale Case: Simulation 
Model 
Introduction: 
This chapter, together with the subsequent chapters, extends the investigations into VAPEX to 
field-scale numerical simulations, using a fine grid, high resolution sector model with realistic petro-
physical properties. This is mainly in order to provide a fresh perspective on problems that we believe 
remain poorly understood, including the expected oil rates at the field scale, and the actual dependency 
of the oil drainage rates on the different reservoir parameters such as reservoir drainage height and 
permeability. 
Furthermore, we simulate the process of SAGD in order to use it as a baseline in inspecting the 
performance of VAPEX. The solvent-heavy oil phase behaviour was generated in accordance with real 
heavy oil-solvent PVT data. This chapter focuses on comprehensively describing the simulation models 
used in studying the VAPEX process, as well as the SAGD model that has been compared with 
VAPEX. The chapter details the PVT generated model, geological replicas, as well as the method used 
to optimize the grid cell thickness so as to enable the total physical dispersion to be captured.  
6.1 PVT generated model: 
6.1.1. Heavy oil and solvent PVT: 
To ensure that the simulations are as predictive as possible, we used a semi-compositional simulator 
provided from the Computer Modelling Group (CMG), STARS. We used the oil composition and PVT 
(Volume/Pressure/Temperature) tests (Constant Composition Experiments (CCE), Differential 
Liberation (DL), Separation and Swelling tests) for the well-known Iranian heavy oil (Kuh-e-Mond oil) 
to generate the fluid model. Many recent VAPEX, SAGD and ICS studies have been performed using 
this same oil, meaning that there is a lot of detailed information available in the literature (Taheri et al. 
2006; Feali and Kharrat 2008; Rasti et al. 2011; Fatemi et al. 2011, 2012).  
The PVT model was generated in WinProp – CMG‘s phase behaviour package. This software is 
capable of modelling the compositional changes and the phase behaviour of the solvent and oil 
encountered in VAPEX.  This was captured using viscosity dilution tables with changes in solvent 
mole fractions at a specified temperature and pressure. The software can also model the swelling of the 
oil as a result of the gas dissolution, as well as the change in saturation pressure with solvent fraction.  
The seventeen components of the oil were lumped into five main pseudo-components, since 
running a field scale refined-model with 17 components is impractical, especially for a fully implicit 
solution (due to CPU limitations). The solvent used for this study case was a combination of 60% 
propane with 40% methane – since pure propane‘s saturation pressure is below the reservoir pressure. 
VAPEX is most efficient when the solvent is in the gaseous phase; this is mainly due to the increase in 
gravity drive with increased density difference, the reduction of the amount of solvent needed when the 
‎Chapter 6                                               VAPEX and SAGD for a Realistic Field Scale Case: Simulation Model                                                                                                 
128 
 
solvent is in a vapour phase and the enhancement of the rate of mass diffusion (Das and Butler 1998; 
Friedrich 2005).  
The properties of the lumped (grouped) components, as calculated by WinProp, are summarised in 
Table ‎6.1: 
Table ‎6.1.  Calculated properties for the oil-solvent system (WinProp applies Whitson (1983) and Katz-Firoozabadi (1987) for 
Specific Gravity, Boiling Point and Molecular Weight calculations while the critical properties are generated using the Kesler 
and Lee (1976) correlation): 
 
The oil viscosity was about 1500 cp at initial reservoir conditions (6387 kPa/92 psi, 60 C/139.3  F). 
The bubble point pressure of the oil was 4,300 kPa/624 psi with a low Gas Oil Ratio (GOR) ~16 m
3
/m
3
 
(66 scf/bbl). The rest of the PVT properties at surface conditions are provided in Fig ‎6.1: 
Table ‎6.2. Oil properties at stock tank conditions:  
 
Fig ‎6.1. The components of both heavy oil (grey) and injected solvent (red) 
 
In modelling the phase behaviour, the modified Peng Robinson (PR 1978) equation of state (EOS) 
was tuned in WinProp so as to adequately represent the laboratory measured data for the heavy oil-
solvent. This EOS was chosen since the literature suggests that it is the best for modelling 
compositional changes of heavy oil and solvents (Dauba et al. 2002; Frauenfeld et al. 2002; Azin et al. 
2008; Shuanshi Fan et al. 2012). The EOS was tuned to be more representative of the oil used based on 
regression calculations with the available experimental data. The phase envelope of the oil after 
lumping the components compared well with the actual phase envelope (with 17 components), and also 
well captured the critical pressures and temperatures and the bubble point. Moreover, since the 
pressures imposed during the process of VAPEX, are low and close to the initial reservoir pressure, the 
model was regarded to be at under-saturated reservoir conditions (i.e. model pressure is above the oil 
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saturation conditions and no free gas exists in the reservoir). The phase envelopes for both the heavy 
oil and the injected solvent are shown in Fig ‎6.2a-b, below. 
 
Fig ‎6.2. a) The phase envelope (P-T) of the heavy oil (after lumping) with the bubble point, critical and reservoir 
pressure and temperature, b) solvent phase envelope (P-T) (left to right).  
 
      
 
Fig ‎6.3. Results of regression in WinProp, oil viscosity, a) matching the Relative Oil Volume (ROV) from the 
CCE test, b) matching the GOR and formation oil volume (ROV), c) matching the gas FVF, d) matching Psat and 
SF from the swelling test results, e) matching the oil specific gravity, f) matching the oil viscosity. 
0
1,000
2,000
3,000
4,000
5,000
6,000
7,000
8,000
-100 0 100 200 300 400 500 600
P
 (
k
P
a
) 
T (˚C) 
Oil P-T phase envelope  
P-T (after Lumping)
(Tc, Pc)
(Tb, Pb)
(Tr, Pr)
0
1000
2000
3000
4000
5000
6000
7000
8000
9000
-150 -100 -50 0 50 100
  
P
 (
k
P
a
) 
T (˚C) 
Solvent P-T phase envelope 
P-T
(Tc,Pc)
0.00
0.50
1.00
1.50
2.00
2.50
0 5000 10000 15000 20000 25000
R
e
la
ti
e
 V
o
lu
m
e
 (
fr
a
c
ti
o
n
) 
Pressure (kPa) 
CCE test, Regression on ROV  
model final (ROV)
Exp (ROV)
1.015
1.02
1.025
1.03
1.035
1.04
1.045
1.05
1.055
0
5
10
15
20
25
30
0 5000 10000 15000 20000 25000
G
O
R
 (
r
m
3
/m
3
)  
Pressure (kPa) 
DL test, regression on GOR and ROV 
Final GOR
Exp GOR
Final ROV
R
O
V
 (
r
m
3
/s
m
3
) 
0.00
0.05
0.10
0.15
0.20
0.25
0 5000 10000 15000 20000
G
a
s 
F
V
F
 (
r
sm
3
/m
3
) 
Pressure (kPa) 
DL test, regression on Gas FVF  
Final Gas FVF
Exp Gas FVF
1.00
1.05
1.10
1.15
1.20
1.25
1.30
4000
6000
8000
10000
12000
14000
16000
18000
20000
0.00 0.10 0.20 0.30 0.40 0.50 0.60
P
sa
t 
(k
P
a
) 
solvent mole fraction 
Swelling test, regression on Psat and SF  
Exp Psat
Final Psat
Exp SF
Final SF
S
F
 (
fr
a
c
ti
io
n
) 
0.970
0.975
0.980
0.985
0.990
0.995
1.000
0 5000 10000 15000 20000 25000
S
G
. 
Pressure (kPa) 
DL test, regression on SG. 
Exp SG.
Final SG.
0
500
1000
1500
2000
2500
3000
0 5,000 10,000 15,000 20,000 25,000
O
il
 v
is
co
si
ty
 (
cp
) 
Pressure (kPa) 
CCE test, regression  on viscosity  
Final oil viscosity
Exp oil viscoisty
  (TR, PR) 
‎Chapter 6                                               VAPEX and SAGD for a Realistic Field Scale Case: Simulation Model                                                                                                 
130 
 
As can be seen from Fig ‎6.3-a, the final (ROV), relative oil volume, matches the experimentally 
measured data from the CCE test very well. This experiment is typically conducted under constant 
reservoir temperature, whilst keeping the composition constant with no removal of the gas dissolved in 
the oil. The exact bubble point pressure was able to be captured at reservoir temperature ~4,300 
kPa/624 psi. Then, from the DL test, the final GOR above the bubble point pressure was modelled to be 
nearly 15.6 m
3
/m
3
 which is fairly close to the experimentally measured value (which was 11.1 m
3
/m
3
) 
for pressures above the bubble point. In addition, there was a good agreement between the oil 
Formation Volume Factor (FVF) from the DL test and the one from flash calculation, as shown in 
(Fig ‎6.4-b). It is worth noting that the model accurately captured the trend of swelling factors as well as 
the progression in saturation pressures as a function of solvent dissolution, which implies that the oil 
was getting lighter as the solvent dissolution increased. One of the fundamental challenges in 
modelling heavy oil phase behaviour, however, is to capture properly the compositional changes as 
well as the density and viscosity of the mixture of oil and solvent. These cannot be predicted from the 
EOS and, therefore, flash calculations were performed on data relating to the properties of heavy oil 
and C3H8-CH4 mixtures at specified pressure levels, in order to predict the vapour/liquid k-values at 
thermodynamic equilibrium. 
 
 
Fig ‎6.4. The phase properties as a function of pressure and solvent mole fraction at; a) at T=60˚C; b) T=109 ˚C; c) 
T=209; d) liquid density at a solvent mole fraction of 0.9 and different temperature levels. 
The figures above describe the results from the two-phase flash calculation. The vapour/liquid 
equilibrium ratio k-values for the oil pseudo-components when the solvent mole fraction is 0.9, and at 
three different temperature levels, are shown in Fig ‎6.4-a to Fig ‎6.4-c). In addition, the change in the 
heavy oil density for a solvent mole fraction of 0.9 at different temperature levels is shown in Fig ‎6.4-
d, which is also one of the results from the two-phase flash calculations in WinProp. 
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6.1.2. Heavy oil and steam PVT: 
The same PVT model discussed in the earlier subsection was implemented for the SAGD model. 
The simple fluid model captures the essential compositional and thermal changes in the phase 
behaviour encountered during the process of VAPEX and SAGD. The thermal properties of rock and 
fluids were included in order to build the SAGD model (those listed in Table ‎6.3). Although the 
steam‘s saturation pressure is much lower than the solvent‘s dew point pressure at reservoir 
temperature, for the sake of comparison, we applied nearly the same operational pressures as applied 
for VAPEX (~6387 kPa). The very small injection pressure, which is nearly equivalent to the 
reservoir‘s pressure, ensures that gravity is the dominant force in this reservoir (Joshi 1986). The 
injected steam temperature in the simulations was set to nearly 280  C, which is equivalent to the high 
injection pressure with a steam quality of 0.8. Given that the pressures were roughly constant within 
the steam‘s chamber region, therefore, the steam‘s temperature was roughly constant within the steam 
chamber. The thermal properties were selected to be within the typical ranges of thermal conductivities 
of reservoir rocks and fluids.  
Table ‎6.3.  Thermal inputs used in simulating the SAGD process. A complex mixing rule option was selected 
since it accounts for porous media interphase contact and for small porosities: 
*Thermal rock conductivity is typically ~2.327 ×105 J/(m.day.˚C) for sandstones. Whilst for carbonates higher thermal conductivities values were 
observed (up to 5×105 J/(m.day.˚C) for dolomites), Clark 1966; Horai 1971; Gretener 1981.     
†Thermal oil conductivity is typically between 1.15×104-1.15×105, the more viscous the oil, the higher the heavy-components fraction and thus the 
more conductive the oil is anticipated to be.  
ﬃ Gas thermal conductivity is typically 1.35-6 ×103 J/(m.day.˚C). 
6.1.3. Viscosity Model (compositional and thermal viscosity behaviour): 
Many studies have been devoted to the investigation of different mixing rules in an attempt to 
correlate the reduction in heavy oil viscosity with the solvent mole fraction during the process of 
VAPEX (Shu 1984; Singhal et al. 2002; Yazdani and Maini 2007; Li and Yang 2013 and many others). 
The challenge in modelling the reduction of oil viscosity by solvent, which is the prime driver of the 
mechanism, lies in the fact that most of the mixing rules for modelling the viscosity are temperature 
dependent (e.g. Lobe 1973; Peng Robinson 1986, 1987; Chung at al. 1988). Although the modified PR 
equation 1987 is also to some extent temperature dependent, nonetheless, the modified correlation is 
based more on viscosity data. Modelling the viscosity is independent of the EOS, however, and 
therefore a different correlation was selected to model the viscosity in WinProp; namely, the Pedersen 
Corresponding States model (1987), since recent studies (e.g. Nghiem et al. 2001; Badamchi-Zadeh et 
al. 2013) have shown the modified Pederson correlation to be capable of predicting the viscosity of 
heavy oil under drastic compositional changes, such as in VAPEX, as well as under thermal changes 
similar to those conditions encountered during SAGD. Although improving viscosity mixing rules to 
suit solvent aided heavy oil extraction methods is still under ongoing research, a model of the complex 
phase behaviour is important if simulations are to model these process accurately. 
Rock thermal 
conductivity* 
Oil thermal 
conductivity† 
Water thermal 
conductivity† 
Gas thermal 
conductivityﬃ 
Rock volumetric 
heat capacity 
Over- or 
underburden heat 
Capacity 
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Fig ‎6.5-a shows the simulated change in viscosity, density and vapour mole fractions with time for 
the grid cell (19,1,1) facing the injector. As can be seen from (Fig ‎6.5-a and Fig ‎6.5-b), the simulated 
diluted oil viscosity in grid cell (19,1,1) with a gas mole fraction, agrees well with the estimated 
mixture viscosity by the ideal or the logarithmic mixing rule,   ( ) ∑           . 
 
Fig ‎6.5. a) Viscosity, density and gas mole fraction changes with time for grid block identification (19, 1, 1), b) 
Comparison between estimated oil viscosities from the ideal mixing rule with the simulation‘s predicted mixture 
viscosity (the slight difference between the two trends is most likely due to the influence of pressure changes on 
the compositional changes in the simulator).   
The Pedersen Corresponding States model (1987) correlation uses the principle of corresponding 
states to calculate the mixture viscosities (given the viscosity of a reference substance (typically 
methane) at the same corresponding reduced pressure and temperature and division by a rotational 
coupling coefficient ‗α‘). The equation was tuned in WinProp using experimental data to get the final 
model parameters (listed in Table ‎6.4), The mixture viscosity is given by:  
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Where   is the viscosity, Tc is the critical temperature, Pc is the critical pressure, MW is the 
molecular weight, α is the rotational coupling coefficient, the subscripts ―mix‖ refers to the mixture 
property and ―o‖ to the reference property. The molecular weight of the mixture is calculated from the 
equation:  
        (   
      
  )     …………………………………………………………….…………….(6.2) 
Where, MWW is the weighted average molecular weight; MWn is the averaged mole fraction of the 
molecular weight. While α is calculated as follows: 
α       
        …..……………………...…….…………………………………………………………(6.3) 
The final corresponding model parameters of the equation after regression are listed in the table 
below:  
Table ‎6.4. Modified Pederson (1987) model parameters; these were the final values obtained after regression: 
MW mixing rule coefficient  1.04×10-4 
MW mixing rule exponent  2.69 
Coupling factor correlation coefficient  8.85×10-3 
Coupling factor correlation density exponent  1.24 
Coupling factor correlation MW exponent  0.52×10-3 
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Fig ‎6.6-a shows the analytical dependency of oil viscosity with temperature during the SAGD 
process, as predicted from the PR EOS (1987) correlation, plotted against the simulated trend to check 
the ability of the simulator to capture the viscosity tables which were used as an input in the simulator. 
Recalling the plot of oil viscosity dependency with the solvent mole fraction during the VAPEX 
process (shown in Fig ‎6.5-b) we can observe that the reduction of heavy oil viscosity with steam is 
expectedly more rapid than that with the solvent.  
 
Fig ‎6.6.a) The numerically simulated oil viscosity changes with temperature during the SAGD process. This 
confirms that the correlation is being modelled as expected by STARS. 
Fig ‎6.7 compares the oil viscosity change versus distance predicted by the simulator through a 
linear observation line between block (24,1,2) above the injector to (1,1,2) from the other side of the 
reservoir, during classical VAPEX and SAGD at the end of the stabilisation stage (i.e. the time it takes 
for the vapour chamber to reach the boundary of the reservoir). In simulating VAPEX, a reasonable 
total dispersion coefficient was assigned to be around 7.2×10
-9
 m
2
/s. The results propose a clearly 
significant difference in the speed of the two mechanisms. Despite the fact that the stabilisation time 
for VAPEX that was considered in this comparison is much later than in SAGD, the solvent spreading 
is still much slower than steam. 
 
Fig ‎6.7. A comparison of oil viscosity changes through the linear path between blocks (24,1,2/2,1,2) to (1,1,2/2, 1, 
2) from the upper half of the reservoir, where the vapour chamber tends to spread at a much faster speed. In 
accordance with this, the schematic to the right demonstrates how slow the solvent dilution process may be in 
comparison to the extraction of oil by thermal heat conduction in SAGD. 
1
10
100
1,000
10,000
50 100 150 200 250 300
O
il
 v
is
co
si
ty
 (
cp
) 
Temprature (C) 
Oil viscoisty vs. Temp in block (24,1,15/2,1,1)
Analytical PR 1987 in block (24,1,15/2,1,1)
0
200
400
600
800
1000
1200
1400
1600
0 50 100 150 200 250 300
O
il
 v
is
c
o
is
ty
 (
c
p
) 
Distance from block (24,1,2/2,1,2) to (1,1,2/2,1,2) 
VAPEX oil viscoisty (cp)
SAGD oil viscosity (cp)
  
Heavy oil  
Steam  
  V
solve
nt
  
Solvent  
V
steam
  
  
  
  
‎Chapter 6                                               VAPEX and SAGD for a Realistic Field Scale Case: Simulation Model                                                                                                 
134 
 
6.2 Flow model: 
6.2.1. Geological models:  
A 2D (x-z) geological model of an existing reservoir in Oman was used for this study. According to 
Carlson (2003) and many others, SAGD and similar gravity based processes such as VAPEX can be 
assessed satisfactorily using an up-scaled 2D cross-sectional grid in order to reduce the computational 
time. The simulations were intended to mimic half of the symmetrical V-chamber (i.e. an isochronal 
process), where the injector and producer are aligned in one side of the model. The sector model is 2D 
(x-z), 245 m by 30.26 m by 12 m (in the x, z and y directions, respectively). This analogue reservoir is 
particularly suitable for the purpose of investigating the process of VAPEX, as well as SAGD, since it 
contains no shale baffles and there is no evidence of either fractures or faults. Furthermore, it is not a 
low relief flat horizontal reservoir, but is slightly tilted upwards, which supports the gravity 
stabilization process and helps to drive the solvent from the producer to the reservoir crest due to the 
higher pressure difference and hence the improved gravity drive.  
The porosity and permeability distribution was taken from real field data, except that the 
permeabilities were multiplied to obtain a permeability range of 0.389-11.6 Darcys because the actual 
permeabilities in this reservoir were too low for the purposes of VAPEX. The chosen permeability 
range is within the range of permeabilities for the heavy oil deposits in Canada, Venezuela and the 
Draugen Field in Norway (Good et al. 1994; Dusseault 2001; Torabi et al. 2012). The distribution of 
reservoir permeabilities and porosities for the VAPEX and SAGD base case models are shown in 
Fig ‎6.8-a-b, while the major base case simulation model properties are listed in Table ‎6.5: 
Table ‎6.5.Base case simulation model inputs: 
Reservoir Properties for Base Case   
Top of the reservoir (m) 1080 
Initial reservoir temperature (˚ ) 60 
Initial reservoir pressure (kPa) 6390   
Average porosity (fraction) 0.255 
Oil Originally In Place/OIIP (×103 m3) 31.3 
Average horizontal permeability (mDarcys) 34.4 
Vertical to horizontal permeability (ratio) ~1 
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For simplicity, it was assumed that the model was initially fully saturated with oil with no aquifer 
or gas cap. In the base case, one pair of gas-oil relative permeability curves was adapted from the 
literature for a nearly similar rock type flooded with physically comparable fluids, while ignoring 
capillary effects. 
  
Fig ‎6.8. Simulation model; a) horizontal and vertical permeability distributions; b) porosity (right to left) (with the 
global grid refinement). 
In additional to the described base case model with realistic permeability and porosity, an 
arithmetic average permeability of 3.44 Darcys and average porosity of ~0.31 was used, while in a 
second model a uniform permeability of about ~1 Darcy and a porosity of 0.35 was used. These two 
scenarios were chosen during the study to (i) investigate the dependency of steam and the solvent 
chamber in both VAPEX and SAGD on the geology of the reservoir (ii) to assist in establishing the 
sensitivity of the oil rates from the two gravity based processes to reservoir heterogeneity.  
Table ‎6.6. VAPEX and SAGD scenarios investigated in this study: 
Case Description 
Permeability 
k/karithmetic 
(Darcys) 
Total Dispersion/thermal conduction 
Ktotal
  αthermal 
(m2/s) 
A VAPEX Homogenous model k=1 Ktotal:
 7×10-9 
B VAPEX Heterogeneous model karithmetic=3.44 Ktotal
 7×10-9 
C VAPEX Heterogeneous model karithmetic 3.44 (SWTT): 6.3×10
-6 
D SAGD Homogenous model k=1 αthermal: 2×10
-3 
E SAGD Heterogeneous model karithmetic 3.44 αthermal: 2×10
-3 
6.2.1.1. Optimization of grid cell thickness:  
As elaborated earlier, the mechanism in VAPEX is driven by gravity drainage of the diluted oil and 
by diffusive and dispersive mixing at the very thin diffusional boundary between the solvent and oil. 
Consequently, one of the key parameters for properly simulating the process is reducing the numerical 
dispersion so that it is less than the physical diffusion/dispersion. This reduction can be achieved by 
refining the grid cells at the boundary between the oil-solvent (5 grid cells along the diffusional 
boundary zone is the rule of thumb). Although this is physically possible for laboratory scale 
simulations and 2D sector models, it is impractical when it comes to simulating the process for field 
scale experiments, where the number of cells drastically increases the CPU demands.  
The sensitivity on grid thickness indicated a strong influence of the grid resolution on the 
recoveries, as well as on solvent breakthrough time and the shape of the solvent chamber (described in  
Fig ‎6.9). Accordingly, the ideal practical level of refinement for use throughout the entire study was 
found to be between 15,600 to 30,000 grid cells.    
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Table ‎6.7. Sensitivity of the cumulative oil versus the number of grid cells (from one side of the chamber):  
  
          
 
Fig ‎6.9.Behaviour of cumulative oil produced versus the number of cells 
6.2.4. VAPEX model description:  
As has been described in the earlier sections, both homogenous and heterogeneous models have 
been implemented in examining the performance of VAPEX. Moreover, to examine the influence of 
dispersion, several VAPEX scenarios were simulated with diffusivity values ranging from core-scale 
measured dispersion to field scale measured dispersivity from tracer tests, i.e. 1
-1
 to 10
2
 m compared to 
10
-4
 to
 
10
-2
 m (Gelhar 1982; Arya et al. 1988; Lake, 1989; Gelhar et al. 1992; Mahdevan et al. 2003). 
The main conclusion drawn from these studies is that the estimated Single-Well-Tracer-Tests (SWTTs) 
dispersivities closely match the published trend of dispersivities with length measured from 
groundwater tracer tests at a field scale (Mahdevan et al. 2003). Subsequently, these studies have 
proposed a scale-dependent dispersion. Bearing in mind, however, that the mixing between the heavy 
oil and solvent, is predominantly governed by the dispersion and the diffusion process (in addition to 
the proposed effect of capillarity), the values of dispersion to expect in field-scale porous media are 
still unresolved. 
The first VAPEX virtual model (case A) is a homogenous model with an isotropic permeability of 
~1 Darcy and a uniformly distributed porosity of 0.35, incorporating a reasonable total dispersion value 
within the range of lab measured dispersion values of 7×10
-9
 m
2
/s. The second simulation scenario 
(case B) is a heterogeneous permeability and porosity model (this is the base case model with 
realistically distributed petro-physical properties as discussed in earlier sections), but again assuming a 
dispersion of 7×10
-9
 m
2
/s
19
. The third simulated VAPEX scenario, meanwhile, (case C) is a 
heterogeneous model similar to the second virtual model, but inputting a higher dispersivity value that 
was roughly estimated from single-well tracer test studies (SWTTs), also known as the echo 
dispersivity in some references (Mahdevan et al. 2003). Based on these studies, the estimated high case 
dispersivity (αL) is in accordance to the scale of the reservoir model (~200 m) at nearly 10 m. From the 
output of the simulator, therefore, the solute‘s maximum interstitial velocity to calculate the mixing by 
convection/advection was about 0.055 m/day, and thus the total dispersion value, accounting for 
diffusion and convection, was estimated to be  about three orders of magnitude higher than the base 
case diffusivity (ktotal=6.37×10
-6
 m
2
/s).  
                                                          
19 This value is within the reported range of laboratory-scale dispersion experiments, and has been selected to be in accordance 
with the many laboratory and theoretical investigations that have been devoted to measuring the convective mixing for systems 
with similar fluids and porous media characteristics (e.g. Zhang et al. 2000). 
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6.2.5. SAGD model description: 
The same grid resolution that was applied in the VAPEX simulations was set through the entirety of 
this portion of the study, although it was established that numerical dispersion has a minor influence on 
SAGD oil rates in comparison to VAPEX, since the rate of heat conduction is much higher than the 
numerical dispersion (this agrees with the findings of Boak and Palmgren 2004 and Jha et al. 2013).All 
these investigations simulated a single-well pair which was side aligned from the model, in order to 
mimic one half of the vapour chamber. Both scenarios with heterogeneous and homogenous petro-
physical properties were investigated. For the homogenous scenarios, a uniform permeability and a 
porosity of 1 Darcy and 0.35, respectively, was assumed. Since the oil saturation is relatively high 
(0.75-0.9) in most of the oil sands (Good et al. 1994, 1997), it was assumed that model is fully 
saturated with oil. The same PVT model extensively discussed in earlier chapters was implemented. 
The simple fluid model captures the essential compositional and thermal changes in the phase 
behaviour in the process of VAPEX and SAGD. The thermal properties of rock and fluids were 
included to build the SAGD (as listed in Table ‎6.3). The steam‘s saturation pressure is much lower 
than the solvent‘s dew point pressure at reservoir temperature, nevertheless for the sake of comparison; 
we applied nearly the same operational pressures as applied for VAPEX (~6387 kPa). The very small 
injection pressure, which is nearly equivalent to the reservoir‘s pressure, ensures that gravity is the 
dominant force in this reservoir (Joshi 1986). The injected steam temperature in the simulations was set 
to nearly 280  C, which is equivalent to the high injection pressure with a steam quality of 0.8. Given 
that the pressures were roughly constant within the steam‘s chamber region, therefore, the steam‘s 
temperature was also roughly constant within the steam chamber. The thermal properties were selected 
to be within the typical ranges of the thermal conductivities of reservoir rocks and fluids. A short 
preheating stage preceded the steam injection. 
The steam-oil relative permeability curves implemented in this study are shown below (Fig ‎6.10). 
These two-phase curves were relatively generic, being generated from Corey‘s Correlations (1954) for 
a strongly water-wet system, yet they were chosen based on the properties (i.e. permeability and 
porosity) of the rock. It is known that the relative permeability curve endpoints would be massively 
altered with the increase in temperature, and that they would have a significant impact on the 
performance of SAGD and the achieved overall recovery factors (as was suggested by Lei et al. 2010; 
Cokar et al. 2010 and Sharma and Gates 2010 and many others). This sensitivity study was beyond the 
scope of this work, however.  
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Fig ‎6.10. Water-oil and gas-liquid relative permeability curves implemented in SAGD simulations. The connate 
water saturation (Swc) is equivalent to the critical water saturation (Swc) and is about 0.13. The residual oil 
saturation (Sor) is 0.39 for the water-oil table and nearly 0.2 for the gas-oil table. The critical Gas Saturation (Sgcri) 
is 0.05. While the exponent of calculating krwiro, krocw,krogcg,krgcl is 2.The influence of capillarity has been 
disregarded in this study.  
 
It should be noted here the according to our previous validation of the findings from the simulator 
using the findings from physical model, the quantitative results from the simulations of the VAPEX 
process should be treated with caution, however the qualitative differences in recovery between 
different realizations of geological heterogeneity are probably correct. Subsequently, we used the 
simulator to resolve some issue on the process in these chapters. 
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Chapter 7  
VAPEX Results for a Realistic Field Scale Case 
Introduction: 
In this chapter we show the results of field-scale numerical simulations of VAPEX using the 
models that have been described in Chapter 6. We examine the full range of static parameters 
influencing VAPEX, and identify the most sensitive of these. Additionally, we examine the impact of 
the level of heterogeneity using the Dykstra and Parson Coefficients (VDP). 
These field scale numerical simulations reveal that VAPEX oil extraction rates incorporating 
diffusional mixing are far too low for the mechanism to be commercially feasible. Although 
incorporating single-well tracer test (SWTT) dispersivities into the numerical simulations significantly 
improved the recovery rates, they still remained unacceptably low. Moreover, the results show that the 
oil drainage rates are highly sensitive to reservoir description and its geology (permeability distribution 
at NWR, reservoir thickness and vertical permeability), which appear to be more significant than the 
effect of dispersion/diffusion on the process. 
7.1 Base case model results: 
Here we examine the results of the different simulated scenarios of VAPEX in terms of stabilised 
oil drainage rates, achievable recovery factors and the time for the vapour to reach the stabilisation 
period. As has been shown in the preceding chapter, several VAPEX scenarios were simulated in this 
study with diffusivity values ranging from core-scale measured dispersion to field scale measured 
dispersivity from tracer tests, i.e. 1
-1
 to 10
2
 m compared to 10
-4
 to
 
10
-2
 m (these are listed in Table ‎7.1).  
The first VAPEX virtual model (case A) is a homogenous model with an isotropic permeability of 
~1 Darcy and a uniformly distributed porosity of 0.35, incorporating a reasonable total dispersion value 
within the range of lab measured dispersion values of 7×10
-9
 m
2
/s. The second simulation scenario 
(case B) is a heterogeneous permeability and porosity model (this is the base case model with 
realistically distributed petro-physical properties as discussed in earlier chapters), but again assuming a 
dispersion of 7×10
-9
 m
2
/s. The third simulated VAPEX scenario, meanwhile, (case C) is a 
heterogeneous model similar to the second virtual model, but inputting a higher dispersivity value that 
was roughly estimated from single-well tracer test studies (SWTTs), also known as the echo 
dispersivity in some references (Mahdevan et al. 2003). Fig ‎7.1.a-b, below, compares the simulated oil 
drainage rates and the cumulative oil produced for the three VAPEX scenarios.  
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Fig ‎7.1. A comparison of a) the produced oil rates; b) the cumulative oil produced from the three different VAPEX 
scenarios (left to right). 
Table ‎7.1. Simulated average stabilised oil rates, estimated total average field oil rates, recovery factors and time 
of end of stabilisation period for the three VAPEX scenarios:  
Case 
Total 
Dispersion 
(m2/s) 
Permeability 
(Darcys) 
Avg. 
stabilised Oil 
rates* 
(m3/day) 
Estimated total 
field oil rate** 
(m3/day) 
Recovery 
factors† 
(%) 
Time of end of 
stabilisation periodﬃ 
(Years) 
A Ktotal 
 ~7×10-9 Homogenous Perm (k= 1) 0.147 12.3 5.66 60 
B Ktotal 
 ~7×10-9 
Heterogeneous Perm 
(karithmetic= 3.44 ) 
0.422 35.1 14.6 33 
C 
 (SWTT) 
~6.37×10-6 
Heterogeneous Perm 
(karithmetic= 3.44 ) 
2.23 186 30 30 
* Simulated oil rates for the 2D models and for only one half of the vapour chamber averaged during the stabilisation period. 
** Estimated total reservoir oil rates, assuming a horizontal well section of about 500 m. 
† This is the time taken for the solvent chamber to reach the top of the reservoir (usually referred to as the vapour rising phase). 
ﬃ This is the recovery factor for the 2D models at the end of the vapour chamber stabilisation stage.  
Based on the simulation results shown in Fig ‎7.1 and summarized in Table ‎7.1, the estimated 
average stabilised oil drainages rate for case A – the homogenous model with dispersion of 7×10-9 m2/s 
– for a 2D model with simulation of only half of the vapour chamber was about ~ 0.147 m3/day.  
Thus, in field scale terms, since the effective horizontal well sections in gravity based heavy oil 
extraction methods is typically about 500-700 m (Parappilly and Zhao 2009, and others), the maximum 
expected oil rates from VAPEX, considering a fully developed, idealized, V-shaped solvent chamber, 
was estimated to be ~12.3 m
3
/day. This is arrived at by multiplying the oil rates obtained from the 2D 
models by two, to account for the two symmetrical halves of the V-chamber, and multiplying again by 
the length of the horizontal section of the wells (500 m). It is worth highlighting that in these 
calculations we are assuming a uniformly segregated solvent chamber throughout the horizontal section 
of the wells. This is rarely the case in real reservoir scenarios, however, since the effect of reservoir 
heterogeneity and pressure drops along the injection well makes it more likely that the developed 
solvent or steam chamber will not flow uniformly throughout the entire horizontal section of the well; 
this has been extensively investigated in many studies performed on SAGD (Al-Salhi et al. 1997; 
Thorne and Zhao 2009; Parappilly and Zhao 2009). 
(Case B) or the base case is more geologically realistic, with heterogeneity in both permeability and 
porosity, but with the same diffusivity value as the previous model. In this case, the simulated VAPEX 
oil rates were slightly higher, since the overall arithmetic average permeabilities were compared to the 
previous one (i.e. an average weighted arithmetic 4.3 Darcys). 
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(Case C) implemented a total dispersion value within the range of the SWTT dispersion of 6.37×10
-
6
 m
2
/s, as detailed above. In this scenario, interestingly the predicted total field scale oil rate was about 
186 m
3
/day, which is about five times higher than that in the base case (Case B). While these results are 
quite promising, it is difficult to verify this high total dispersivity without real field scale tests. 
Moreover, the thickness and the shape of the diffusive layer (as shown in Fig ‎7.4) seemed to be 
different than observations made from the laboratory-scale experiments. 
Overall, therefore, the simulation results indicate a recovery factor at the stabilisation time barely 
exceeding ~5.66% in the first case (case A), which can be linked to the very thin diffusive boundary 
observed from the simulations (shown in Fig ‎7.1). For Case B, the recovery factors represented an 
improvement from the previous case by roughly 65%, due to improvement in average permeability. It 
should also be noted that the shape of the vapour chamber in this model (shown in Fig ‎7.3 ) is no 
longer even and uniform as seen in case A. For case C, meanwhile, the recovery factors demonstrated a 
remarkable improvement to be nearly 30%, which might be sufficient to devolve these heavy oil 
reservoirs. 
The overall conclusion that was drawn from these simulation results on VAPEX is that predicted oil 
drainage rates from the process are subject to reservoir quality – in terms of horizontal and vertical 
permeability, and porosities, as well as the uncertainty in dispersion values, which is possibly the major 
drawback in the process. According to the simulations for case A, investigated here, it would take 
almost 18 years for the solvent to rise to the top of the reservoir and about 47 years for the solvent 
chamber to segregate to the other end of the reservoir and form a fully develop chamber (i.e. the 
stabilisation stage). 
 
Fig ‎7.2.Snapshots of the change in oil-vapour distributions and the change in oil viscosity for case A at the end of 
the stabilisation stage during VAPEX (60 years from the injection). The simulated scenario has a uniformly 
distributed permeability of 1 Darcy and a porosity of 0.35. The diffusivity value was set to be 7×10-9 m2/s. It can be 
observed that the solvent chamber is narrowed and the oil-vapour diffusion boundary is very thin.  
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Fig ‎7.3. Snapshots of the change in oil-vapour distributions and the change in oil viscosity for case B at the end of 
the stabilisation stage (33 years from the injection). The model is heterogeneous with an average arithmetic 
permeability of about 3.44 Darcys and average porosity of 0.255. 
 
Fig ‎7.4. Snapshots of the change in oil-vapour distributions and the change in oil viscosity for case C at the end of 
the stabilisation stage (30 years from the injection). The model has a heterogeneous permeability and porosity. The 
diffusivity rate assigned to the model is based on SWTTs and is equivalent to 6.37×10-6 m2/s. As indicated in the 
figures, the lateral spreading of the solvent chamber is much faster than in the other two scenarios; moreover, as 
expected, the oil-vapour diffusive layer is much thicker.  
7.2 Sensitivities on VAPEX:  
One of the aims of this study was to address the parameters that particularly influence VAPEX, 
especially geological heterogeneity and permeability anisotropy, since the influence of these 
sensitivities was not considered in the Butler-Mokrys derivation. Moreover, some studies have 
suggested that oil drainage rates have different levels of dependency on some of the reservoir 
parameters (e.g. reservoir drainage height) than the square root functionality used in the original 
derivation. In this section, all the static reservoir sensitivities affecting the performance of VAPEX 
were examined and their impact on the oil drainage rates was analysed in a sensitivity study through a 
sequence of 2D simulations. According to the Butler-Mokrys derivation, the only reservoir parameters 
influencing the stabilised oil drainage rates are: uniform horizontal permeability and porosity, reservoir 
drainage height, and diffusivity combined with related physical fluid properties. Although Butler-
Mokrys suggested that all the former parameters have an equivalent impact on oil drainage rates, 
represented by the square root dependence, in this study we show that this is not always the case:  
7.2.1 Effect of Permeability (k): 
Simulation runs were performed to investigate the influence of homogenous model permeability 
for scenarios of: 0.05, 1, 3.44, 9, 20, 44.7, 60, 80 and 89 mD. Fig ‎7.5-b presents the empirical 
relationship between the drainage rates and the square root of these permeabilities. Interestingly, for 
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the high permeabilities (44.7-89.4 mD) the oil drainage rates agree well with the Butler-Mokrys 
derivation. Furthermore, for permeabilities within the range of 1-20 mDarcys, the stabilised oil rates 
were still linearly correlated with the square root of permeability, although without crossing the 
origin. The same conclusion was drawn from the sensitivity study performed using numerical 
simulations with a lab scale model, as was discussed in Chapter 4 from this thesis. This conclusion is 
in agreement with Butler-Mokrys‘ 1989 findings, which reported a better agreement in high 
permeability models between the empirical correlation and the oil rates estimated from the Hele-
Shaw cells experiments. 
 
Fig ‎7.5. The effect of reservoir permeabilities on oil rates. As the figure indicates, the relationship between the 
simulated oil drainage rates and the pack permeabilities is consistent with Butler-Mokrys‘ proposed square 
sensitivity. 
7.2.2 Effect of Reservoir Thickness (h): 
In almost all of the experimental studies which have examined the dependency of VAPEX 
stabilised oil rates on reservoir heights, it was proposed that the improvement in oil rates with 
drainage thickness could be attributed to an increase in dispersion with an increase in reservoir 
drainage height – despite the fact that the physical models in these studies only varied by a few 
centimetres. Additionally, none of the studies examined the impact of increasing the gravity drive, 
through the increase in drainage head (h), on the VAPEX oil rates, explicitly, without incorporating a 
scale-dependent dispersion, which could be investigated using numerical simulations. 
  Here, we examined the effect of reservoir drainage height through simulations on reservoir 
thicknesses for models with uniformly distributed porosity and permeability (0.30 and 1 Darcys, 
respectively) and considering the same injection and production constraints discussed earlier. In all 
the simulations, the reservoir length was set to be 200 m while the reservoir thickness varied between 
2 m and 40 m. In these scenarios, the injector was placed at the midpoint between the top and the 
bottom of the reservoir, whilst the producer was placed at the lower-end corner –just below the 
injector, with both aligned to the right side of the models. It is worth noting here that, in all the 
investigated scenarios, the grid resolution was set to be the same, so as to eliminate inconsistency 
between the cases due to numerical dispersion. Fig 7.7-a presents the simulated oil rates against 
reservoir heights, with the results suggesting that, surprisingly, the simulated oil rates are closely 
linear with the reservoir height. Moreover, plotting the logarithmic of the oil rates (Q) versus the 
logarithmic of reservoir heights (h
1
), (as shown in Fig ‎7.6-b), the linear regression line gives a very 
good fit, which disagrees with the square root functionality suggested in Butler-Mokrys‘.  
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Interestingly, however, the simulations also suggest an even higher dependency on reservoir 
thickness, of about 1.3, for thicknesses higher than 22 m. Moreover the oil rates from simulations 
with low model thickness (h:1-6 m) exhibited a disagreement in the trend by failing to converge to 
zero as the reservoir thicknesses are reduced. This suggests either a minimum reservoir thickness 
value at which the oil rates are very low ~zero (i.e. h~2 m) or a higher dependency on reservoir 
heights that is greater even than the linear functionality. Although a square root height dependency 
for models with intermediate heights (h:6-22 m) gave a fair approximation of the simulated rates, 
therefore, the proposed square root function was not able to predict the trends at lower and higher 
ranges of model thickness. 
Fig ‎7.7 shows a comparison of the time it took for the solvent chamber in the simulations to rise 
to the top of the reservoir (i.e. the first stage in the VAPEX process) with different thickness models. 
It is interesting to note that the trend is closely linear with reservoir heights between the time taken 
for the solvent chamber to rise to the top of the reservoir and the square root of reservoir height.  
  
Fig ‎7.6. a) The average stabilised oil rates versus the square of reservoir height. b) The oil rates versus the 
reservoir height in a log-log scale.  
 
Fig ‎7.7. The predicted time for the solvent chamber to spread to the top of the reservoir versus the square of the 
simulation model‘s height. 
Perceiving that in accordance to the findings from the sensitivities on reservoir drainage height that 
were discussed in Chapter 5, unlike the study that has been performed here, the gravity numbers 
(Ng/Nv) were set to be the same in all the scenarios (by direct scaling of the injection rates with 
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reservoir height). Thus, the dependency of the oil rates on drainage height was found to be about 0.663 
(i.e. Q stabilised   
     
), rather than the higher linear dependency that was found here. As been explained 
in Chapter 5 of this thesis, this is most likely suggesting that the superimposed pressure drawdown, 
between the injected solvent and hydrostatic reservoir pressure (      -    ), and the related viscous 
instability (defined by the gravity number), is implicitly influencing the dependency of the stabilised oil 
rates on reservoir height. 
7.2.3 Effect of Porosity ( ):  
We also examined the impact of porosity on the process of VAPEX. As anticipated from the Butler-
Mokrys derivation, the oil rates increased linearly with the square root of the porosity. It is worth 
mentioning here that, to investigate the influence of porosity explicitly, the tortuosity porosity 
dependent term (    , which is related to the diffusion coefficients         F   , was eliminated in all the 
simulations using the *NOPORSAT keyword, whilst running the simulations in fully implicit mode 
using the *AIM *OFF keywords in the Numerical Control. Plotting the reduction in heavy oil viscosity 
for models with different porosities (for a random grid cell with a grid index of 181, 1, 1, facing the 
injector), we can note that the dilution of viscosity is the same for all the various porosity models. This 
confirms that no porosity related diffusion is imposed.   
 
Fig ‎7.8. The effect of porosity on simulated oil rates. As shown in the figure, the oil rates increase with an increase 
in pore volumes, as anticipated from the Butler and Mokrys‘ derivation. The second figure confirms the square 
dependency between the oil rates and the porosity, since the oil drainage rates are linearly correlated with the 
square root of porosities. 
 
Fig ‎7.9.Viscosity reduction in block UBA (181, 1, 1) for the three models with different porosities a) simulated 
viscosity reduction and increase in mole fraction with time 
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7.2.4 Effect of anisotropy (kv/kh): 
 Anisotropy in vertical permeability, caused by grain-scale or layer-scale heterogeneities (Lewis 
1988) is one of the most critical geological characteristics that can influence any gravity based recovery 
process. Vertical permeability heterogeneities may be linked to the depositional environment; 
moreover, the level of vertical communication can vary within the same deposit. The influence of 
vertical to horizontal permeability on SAGD performance has been intensively investigated in many 
studies, (e.g. Deutsch 2010). Here, we performed different simulation runs on kv/kh (Fig ‎7.10-a) by 
fixing the horizontal permeability to the base cases and varying the vertical permeability to give kv/kh 
ratios of: 0.01, 0.1, 0.2, 0.3, 0.5, 0.7 and 0.9.  As is evident from the figures, the vertical permeability 
ratio has a significant influence on the simulated oil drainage rates; a fact that was not incorporated in 
the original Butler and Mokrys equation. Vertical permeability has a significant influence on the 
gravity override and the vertical spreading of the vapour chamber (e.g. considering the following 
gravity to viscous dimensionless number             α  
        ⁄  – referred to by Baker 1993 
and others – where     in the expression is the effective pressure difference between the producer and 
the injector and   is the angle of dip.  
It is worth mentioning here that many studies performed on SAGD have suggested that the effect of 
kv is time dependent since, as time progresses, the horizontal spreading of the chamber tends to be more 
important than the vertical propagation to the top of the reservoir (Azom and Srinivasan 2011; Fattahi 
et al. 2012). 
  
Fig ‎7.10. The effect of vertical permeability on oil rates. As the figure shows, the oil rates increase rapidly with an 
increase in vertical permeabilities. In figure b (right), it clear from the relationship between the simulated oil 
drainage rates and the square root of the (kv/kh), that oil rates are strongly dependent on the kv/kh values: yet this has 
not been dealt with in the original Butler-Mokrys‘ derivation. 
7.2.5 Effect of molecular diffusion (Dm): 
It is anticipated that molecular diffusion has a strong influence on the process of VAPEX. 
Consequently, sensitivities on molecular diffusion were performed to investigate its influence on the oil 
drainage rates. The base case molecular diffusion (Dm) value was set to be about 1.2×10
-9
 m
2
/s, which 
is within the range established in earlier laboratory studies performed by Boustani and Maini (2001) 
and others. Likewise, the high diffusion coefficients were set to be equivalent to those high diffusion 
values suggested by Okazawa (2009) and others, assuming viscosity dependent diffusion. 
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Fig ‎7.11. Log-log plot of the simulated oil drainage rates versus molecular diffusion (Dm). 
As shown in Fig ‎7.11, the simulated oil drainage rates were plotted against the molecular diffusion 
in a log-log plot so as to be able to observe small changes in oil rates. As previously, we considered in 
the analysis both diffusion calculations available in STARS - with and without incorporating the effect 
of the porosity saturation term in the calculation of the diffusivity (i.e. including or excluding the term 
   in the calculation of tortuosity). The green diamonds in Fig ‎7.12‎0 correspond to the simulated rates 
versus those molecular diffusion coefficients incorporating the influence of porosity in the tortuosity 
calculation. As is evident in the figure, when the influence of tortuosity is included in the calculation of 
diffusivity (as       F), the stabilised oil rates are significantly higher than the oil rates obtained from 
those simulations which excluded the influence of tortuosity in the diffusivity calculation.  
Furthermore, as shown in Fig ‎7.12, by re-plotting the simulated oil rates against the square roots of 
the diffusion coefficients, so as to directly compare with the Butler and Mokrys derivation, we can 
observe that the calculation excluding the porosity related tortuosity is remarkably linear.  
 
Fig ‎7.12. Linear plot of the simulated oil drainage rates versus the square root of molecular diffusion (Dm). 
7.2.6 Effect of total dispersion (Ktotal):  
Several previous studies have argued that dispersion at the macroscopic or megascopic reservoir 
scale (as termed by Greenkorn and Kessler 1969) is purely mechanical due to large scale spatial 
variation of the permeability and the random variation in velocities (Sahimi 1995). Thus, one can still 
consider the algorithm relating the dispersivities to the Pe numbers. Additionally, the literature (Gelhar 
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1982; Arya et al. 1988; Lake 1989; Gelhar et al. 1992; Mahdevan et al. 2003) suggests that longitudinal 
(αL) and transverse (αT) dispersions at the field scale are several orders of magnitude larger than the 
laboratory measured values, indicating that dispersion may be scale dependent and hence tends to 
increase with an increase in transient times and distance from the source. Moreover, most recent studies 
(Boustani and Maini 2001; Das 2005; Alkindi et al. 2008, 2009, 2011) have proposed that convective 
dispersion from both local velocity fluctuations and geological randomness is more likely to be a cause 
of improvement in mass transfer between the solvent and oil (despite the low interstitial velocities). 
Consequently, we performed numerical simulations to examine the influence of total dispersion 
(Ktotal) on the oil drainage rates, after confirming that the simulator was capable of physically capturing 
the effect of both molecular diffusion and mechanical dispersion. The values of the dispersivities tested 
in this study were chosen to cover the range of laboratory measured and field scale values (αL= 10
-04
-10 
m).  The Pe numbers were within the range where it can be assumed that the transverse mixing is 
equivalent to the mixing in the longitudinal direction. The flow velocities were estimated from the 
simulation‘s output (roughly 0.00025 m/day-0.0055 m/day).   
 
Fig ‎7.13. The effect of mechanical dispersivities on recovery factors and oil rates, respectively (left to right). 
The figures suggest that the oil drainage rates from the process, and hence the recovery factors, are 
significantly improved with an increase in mechanical dispersion. Another conclusion that may be 
drawn is that the lowest limit of mechanical dispersivity at which it is possible to observe a visible 
influence on oil drainage rates is between 0.001 m and 0.5 m. The simulation also revealed that 
increasing the dispersivity term can, up to a point, significantly impact the shape of the vapour chamber 
(as shown in the schematics in Fig ‎7.14). According to these results, the angle of the triangular vapour 
chamber appeared to increase as the dispersivity increased. However, these vapour chamber shapes 
were not realistic for very high dispersion values, compared to the sharp v-shaped chambers observed 
from physical models. This conclusion was also drawn in a simulation study performed by Das 2005, 
which also proposed that increasing the molecular diffusion to unreasonably high values adversely 
affected the stabilised oil rates. 
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Fig ‎7.14. Schematic demonstrating: a) the gradual change in the vapour chamber angle with an increase in 
dispersivities; b) The effect of an increase in dispersivities on the macroscopic change in vapour or solvent shape 
(left to right). 
The figures below show the oil-gas saturation distributions and the corresponding heavy oil 
viscosity distribution for two different simulation scenarios with dispersivities of 0.001 and 10 m, 
respectively. As expected, the oil rates were higher for the case with dispersivity of 10 m than the case 
with dispersivity of 0.001 m.  Moreover, as can be observed from the figures below, the lower the 
dispersivity, the less the effective total dispersion and, hence, the sharper the shape of the solvent 
diffusional boundary. For cases with higher dispersivity, meanwhile, the interface between the vapour 
and oil was wider. Nevertheless, although implementing high dispersion values may tend to improve 
the match between the analytically estimated and the physical rates, compared to the observed vapour 
chamber in the physical models, the shapes of the vapour chamber were unrealistic (the diffusive 
interface appeared to be wider than the reservoir width). 
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Fig ‎7.15. The impact of dispersivity on reservoir oil-gas saturation distribution and the oil viscosities at the same 
corresponding time step. The figures indicate that dispersion has a significant influence on the shape of the vapour 
chamber, as well as the permeability heterogeneity. 
7.2.7 Effect of capillary pressure (Pc):  
The coexistence of vapour and liquid phases (or any two immiscible fluids) into the pore space 
(fluid-fluid and fluid-solid interaction), leads to interfacial phenomena causing a curved meniscus-like 
boundary in between the fluids. This results in a pressure difference between the two fluids that is 
related to this curvature. This pressure difference between the non-wetting and the wetting phase, 
referred to as the capillary pressure, is directly proportional to the interfacial tension between the two 
fluids (i.e. typically the interfacial tension of water-air is about 0.072 N/m at standard temperature, 
Adamson 1990), and inversely  proportional to the radius of the curvature, according to the Laplace 
Law (1806):         –where   is the interfacial tension and r is the radius of the curvature that is 
equivalent to: R      when the fluids are in contact with solids with an angle   and the pore radius of R 
(Washburn 1921). Capillarity depends mainly on solid and liquid interfacial tension, wettability, and 
pore geometry and roughness. 
Many researchers have proposed that capillarity has a significant role in the process of VAPEX. 
Cuthiell et al.‘s, 2013 study, for example, has suggested that the capillary force gradient within the 
transition zone between vapour and oil is about 1/6 of the primary gravity driving force, considering an 
oil density of 900 m
3
/kg. In these studies it was proposed that the shape of the overall vapour chamber 
and time at breakthrough are primarily influenced by the counterbalance of the three physical forces: 
gravity, capillary and viscous forces (Cuthiell et al. 2003, 2006, 2013, 2012; Rostami et al. 2007). 
These studies proposed that gas-oil capillary forces have a key role in VAPEX, since they act to delay 
the time for solvent breakthrough (i.e. by keeping the solvent in suspension in oil), as well as 
influencing the thickness of the transition zone (especially in finer pores), thus improving the rates of 
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mass transfer and allowing more time for the solvent-oil to mix. In this case, the wetting phase (oil) is 
drawn into the pore space occupied by a non-wetting phase (vapour/solvent) due to capillary forces.  
Simulations were performed using realistic, dimensionless gas-oil capillary curves which were 
generated from a ―Leverett-J‖ function adapted from the study of Cuthiell et al. 2006. These analogue 
capillary pressures were measured under pressure conditions nearly similar to those encountered in our 
VAPEX simulations. Different capillary pressure scenarios were compared in this simulation study: 
zero or no capillary effects, base case, and two different high cases (shown in Fig 7.16-b). 
 
Fig ‎7.16. Gas-Oil capillary pressure and relative permeability implemented in this study. 
The simulation results demonstrated that the performance of VAPEX is only slightly affected by 
capillarity and therefore we concluded that the effect of capillary pressure is trivial for this specific 
study case. This is mainly related to the fact that capillary forces are subject to rock types and 
heterogeneities and, it is more likely that a greater influence will be observed for tighter rock types or 
heterogeneous cases (e.g. models with faults). Likewise, the simulator‘s ability to capture capillarity 
and other interfacial phenomena at pore-scale level is doubtful. The effect of capillary imbibition, 
especially within finer pores, in extracting out the oil from the transition zone must be carefully 
investigated through delicate lab experiments to understand if this process actually occurs. 
7.3 Static sensitivity analysis on VAPEX: 
After examining the influence of all possible static parameters on VAPEX, individually, we here 
compile the results and rank the sensitivities based on their impact on oil rates, as represented by the 
‗Tornado Chart‘ below. The parameters considered in the study were: reservoir drainage height, 
absolute permeability, vertical to horizontal permeabilities ratio (kv/kh), molecular diffusion alone, total 
dispersion accounting for the convective mixing, porosity, well vertical spacing, length of 
discontinuous shale barriers between the top of the reservoir and injector, length of discontinuous shale 
barriers between injector and producer. Bearing in mind that the use of sub-miscible fluid system 
allowed investigating the influence of capillarity on oil rates. The range of the different sensitivities 
investigated in this study are summarised in Table ‎7.2: 
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Table ‎7.2. The range of the different sensitivities investigated in the simulations: 
Reservoir height (m) 2 - 50 Dispersivity (m) 0.001-10 
kv/kh (fraction) 0.05- 1 Porosity (fraction)  0.1-0.40 
Permeability (Darcys) 0.05- 89.4 Capillary Pressure (kPa)  Pc*0- Pc*8 
Molecular diffusion ×10-6 (m2/s)  0.0012- 1.2 Length of dis. shale btw inj and top of res. (m) 0-120 
Length of dis. shale btw inj and bottom of res.(m)  0- 120 Vertical spacing between wells (m) 2-18 
 
 
Fig ‎7.17. Tornado chart with all possible sensitivities that might affect the performance of VAPEX.  
Fig ‎7.17 suggests that oil rates are most sensitive to reservoir drainage height. As elaborated earlier, 
this conclusion was also proposed in several studies by Yazdani and Maini 2005-2009. Interestingly, 
the chart also reveals that oil drainage rates are significantly affected by the vertical to horizontal 
permeability ratio, even more so than the effect of reservoir permeability; this was entirely ignored in 
the original work of Butler and Mokrys 1989.  As expected, reservoir permeability is the third most 
sensitive parameter on oil rates; however, it is interesting to note barriers and shales between the 
injector and producer have nearly an equivalent effect on oil rates, although barriers at the upper part of 
the reservoir appear to have less impact than those placed between the injector and producer. 
Moreover, the chart also suggests that the vertical spacing between the wells have a significant 
influence on oil rates. Rather surprisingly, the influence of diffusivity (whether through molecular 
diffusion alone or combined with mechanical dispersion) has a very minor influence on the process 
compared to the other parameters, even though this has been postulated in many studies to be a 
principle reason for discrepancy between the analytical and the physical rates. 
Overall, the results suggest that the stabilised oil rates are relatively more sensitive to reservoir 
description in terms of drainage height, both lateral and vertical permeability heterogeneities and 
location of shale barriers and high permeability zones or fractures. This has not been sufficiently 
emphasised in previous research into the process of VAPEX. 
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7.4 Effect of Heterogeneity on VAPEX: 
7.4.1The Impact of the Dykstra and Parson Coefficient and Coefficients of Variation: 
To explore further the effect of permeability heterogeneities on the stability of the gravity 
segregation, specifically for the vertical direction, in this section we implemented the most common 
measure of static permeability heterogeneity, the Dykstra and Parson 1950 coefficient VDP, in an effort 
to correlate the simulated stabilised oil rates with the VDP coefficients. This approach is based on either 
numerically or graphically plotting the probability of the permeabilities of core samples exceeding the 
entry permeability range in a log-normal plot, and estimating the gradient of the linear approximation 
between the k84.1% and the k50%, (84.4
th
 and 50
th
 percentile respectively). The VDP may vary from 0, for 
nearly homogenous reservoir models with very little permeability variation, to 1 in highly 
heterogeneous models. Along with the Dykstra and Parson measure, we implemented another common 
measure of permeability heterogeneity, the so-called Coefficient of Variation (CV) which is the 
normalized standard deviation (SD/ ̅) over the mean permeability. 
In this study, we compared the VAPEX performance for layered models with different levels of 
heterogeneity. All models consisted of four layers with an isotropic porosity of around 0.35 (based on 
our sensitivity study, porosity appeared to have a minor influence on the process, thus we neglected 
any porosity dissimilarities). The permeabilities of the layers increased upwards and this trend was 
preserved in all scenarios. The weighted arithmetic average of the model‘s permeability was set to be 
around 4 Darcys in all the models (i.e. high permeabilities were assigned in order to accelerate the 
process and to be able to observe the influence on the vapour chambers). The extent of heterogeneity 
between the models was adjusted by varying the distribution and the deviation of permeabilities 
between the layers (i.e. the more the contrast or the deviation of permeability between the layers, the 
more heterogeneous were the models). This is described in the schematics below for two scenarios as 
examples: 
 
Fig ‎7.18. Schematic that demonstrates the layer permeability distribution with respect to different Dykstra and 
Parson Coefficients. 
Subsequently, by performing VAPEX simulations for the different VDP scenarios, and correlating 
the average oil rates with the corresponding VDP coefficient, we found that the oil rates were 
significantly influenced by the variation in vertical permeability heterogeneity. As shown in Fig 7.19, 
there is a clear concave decreasing trend between the stabilised oil rates and the Dvp or Cv coefficients. 
The plot indicates that the oil rates for very heterogeneous models are strictly decreasing with an 
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increase in levels of heterogeneity. Scenarios with intermediate heterogeneities (Dvp=0.25-0.5), 
meanwhile, seemed to perform slightly better in terms of oil rates. As expected, the highest oil rate is 
obtained for the model with uniform permeability that is equivalent to the arithmetic average of those 
models with layers (4 Darcys). 
 
Fig ‎7.19.Correlation of the average oil rates with the Dykstra-Parson Coefficients and the Coefficient of Variation 
(Cv). This was done by systematically creating models with different Dvp coefficients and performing VAPEX 
simulations on these different geological models.   
The behaviour observed in Fig 7.19 is strongly related to the gravity segregation, which varies with 
the different levels of vertical heterogeneity created from permeability stratification. For scenarios of 
VDP≥ 0.5 (the very heterogeneous to extremely heterogeneous range) the permeabilities are highly 
reduced with depth and, with the subsequent gravity override, solvent fingering is accelerated to the 
upper part of the reservoir, forming a less wide chamber. Consequently, in these scenarios, less diluted 
oil is driven by gravity to the producer and a less efficient sweep is obtained for the layers near the 
bottom of the reservoir and close to the producer. 
Conversely, for scenarios of VDP≤0.25 (slightly heterogeneous to nearly homogenous), since the 
permeability distribution within the layers is less dispersed with an almost negligible contrast, the 
solvent V-chamber spreads evenly in both longitudinal and diagonal directions at a comparable speed, 
without the earlier penetration of the upper layers and almost bypassing the lower layers. VAPEX is 
therefore more efficient in these scenarios. Fig 7.20 shows a comparison of the change in the oil 
viscosity distributions for two scenarios, i.e. VDP of 0.056 and 0.927, respectively, at the same 
corresponding time step. The difference in the shape of the vapour chamber for these two different 
heterogeneity scenarios has been thoroughly explained above. The recovery factors were about 33% 
and 1.1% for VDP =0.056 and VDP =0.927, respectively 
It is interesting to note, that the scenarios of 0.25<VDP <0.5 (classified as heterogeneous models) 
appeared to give better oil rates compared to those with VDP>0 (slightly heterogeneous), this could be 
interpreted according to the explanation provided above, since in these cases we can observe both a 
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good gravity segregation to the upper part of the reservoir, combined with a stable longitudinal and 
diagonal to speeds of the V chamber, across the layers. The results of this study, therefore, suggest that 
VAPEX might not perform efficiently in reservoirs with a high level of vertical heterogeneity. 
Accordingly, the VDP cut-off for the gravity driven process, is around 0.5. 
Fig ‎7.20 compares the changes in oil viscosity with respect to time for the scenarios of VDP=0.056 
and VDP=0.923. Moreover, it is worth noting here that the behaviour of oil rates with different VDP 
observed is also influenced by the permeabilities close to the inter-well region – i.e. the region near the 
producer – as well as the permeability of the layer close to the injector, which also influences the 
injectivity. 
Regardless of the drawbacks of the two approaches found in earlier studies, they appeared to work 
well for the purpose of this preliminary study, since the models were strictly layered and laterally 
continuous. It is important to mention here that it is good practice for a reservoir engineer to have a 
preliminary assessment approach to evaluate the performance of an EOR method for the specific 
geological models. For VAPEX and SAGD developments the VDP may represent a suitable such 
approach and may be used as a cut-off. 
 
Fig ‎7.20. Comparison of the change in oil viscosities for scenarios of VDP =0.056 and VDP =0.927, at the same 
corresponding time step. 
7.4.2 Facies Permeability Contrast: 
In this section we began by investigating the impact of varying the permeability contrast between 
the two facies for the base case model. Filtering the permeabilities allowed the grouping of the two 
obvious rock types to form a two-layered reservoir model with a good lateral continuity (Fig ‎7.21). 
 
Fig ‎7.21. The two facies model created based on permeabilities. It can be observed that the base case 
permeabilities were amplified in this study so as to be able to observe the effect of the gravity segregation on the 
vapour chamber with the heterogeneity, which might be problematic in moderate and low perm. 
 The permeability contrast between the two facies was varied to create models with different 
realizations, with variable permeability contrasts and, subsequently with different heterogeneity 
scenarios. This was achieved using the object-based function software, RMS, Roxar software 
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(Reservoir Modelling Software). In each of these scenarios, the values of high permeability facies were 
multiplied by a constant factor, while dividing the low permeability facies with the same factor 
correspondingly.  
 The distribution of porosities was set as in the original base case for all scenarios, in accordance 
with the earlier conclusion that porosities have only a minor influence on VAPEX stabilised oil rates. 
The table below lists the scenarios considered in this study: 
Table ‎7.3. The different heterogeneity scenarios tested in this study with their corresponding permeability range: 
 Model description  Permeability Range  
(mDarcys) 
Arithmetic Permeability AVG. 
(mDarcys) 
Base Case  _ 50.6-1510 448 
Case A Permeability contrast of  (2.5)2 * 20.2-3770 791 
Case B Permeability contrast of  (5)2 10.1-7550 1490 
Case C Permeability contrast of  (7)2 7.2-10600 2060 
Case D Permeability contrast of  (8.5)2 5.96-12800 3890 
Case F Permeability contrast of  (10)2 5.06-15100 5730 
* The low and high facies‘ permeabilities were multiplied and divided respectively by the same factor.  
VAPEX simulations of the scenarios described in Table 7.3 were performed, in addition to 
simulations in which the position of the facies was reversed (i.e. with the low permeability facies at the 
bottom of the reservoir and high permeability facies at the top of the reservoir). The predicted recovery 
factors and the oil rates versus the arithmetic permeability averages of the models, both for models with 
lower permeability facies near the producer and those with good permeability facies near the producer, 
are shown in Fig ‎7.22-a and b, respectively. It is worth noting here that the ratio of high to low 
permeability facies in all the models was nearly 3:2, thus the weighted arithmetic permeability averages 
increased with an increasing contrast between the facies‘ permeabilities –given that the permeabilities 
of high and low facies were multiplied with the same factor. 
The simulation results, unsurprisingly, suggest that heterogeneity is very significant in the process 
of VAPEX, particularly in regard to the decision of where to place the injector and producer wells in 
the reservoir. According to Fig ‎7.22 there is a significant difference in the trend of oil recoveries 
between the models with high permeability layer/good rock facies near the producer and those with a 
reversed permeability distribution, regardless of the fact that each of these models has the same 
fractions or volumes of rock facies and overall average reservoir permeability. 
This study, therefore, highlights the importance of considering all related reservoir heterogeneities 
when it comes to modelling a dispersion sensitive process like VAPEX. Although the solvent chamber 
proved to be able to find its path through a heterogeneous system with barriers or low permeability 
layers, it was difficult to get good sweep efficiency when the contrast between the permeabilities of the 
layers was high. This in turn leads to lower recoveries, especially in complex heterogeneous systems 
with high contrasts in layer permeabilities (e.g. fractures, thief zones, or fluvial systems with weak 
channel repulsion or stacking). This is mainly due to the nature of the process: because the mechanism 
is not viscous dominated, insufficient pressures are applied, making it very difficult to force the solvent 
and vapour into the low permeability layers, especially taking into account limitations due to capillarity 
and the wettability of the rock (Craig 1971). Although the literature on the effect of wettability on the 
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process of VAPEX oil rates is very limited, according to the experimental studies of Rezaei et al. 
(2011) it appears that there is a significant increase in the recovery factors with an increase in the 
composition of oil wet beads.   
 
Fig ‎7.22. The recovery factors and average oil rates versus the arithmetic mean of the simulation model, both for 
models with high permeability facies near the lower zone from the reservoir (shown as the red points here) and 
models with high permeability facies near the top of the reservoir (grey points here). 
7.4.3 Heterogeneities in fluvial-deltaic systems:  
To the best of our knowledge, the influence of heterogeneity on the process of VAPEX has not 
been deeply examined using a realistic reservoir model with sufficient grid resolution and realistic 
properties. Consequently, investigating the influence of heterogeneity was one of the main focuses of 
our study. Fluvial systems are well-known reservoirs that may be used as good examples to 
demonstrate various lateral and vertical geological complexities that can possibly be encountered at 
various reservoir scales, ranging from hundreds of metres (considered as megascopic in the hierarchy 
of heterogeneities) down to a few millimetres (microscopic). Characterising these systems (e.g. in 
terms of channel azimuth, sinuosity and the way the sandbodies are dispersed and connected) can be 
highly uncertain, depending on the information provided from wells (Corbett and Jensen, 1993; Corbett 
et al. 1998, 2012; Choi et al. 2007; Keogh et al. 2007). In addition to internal heterogeneities, structures 
within high permeability braided or meandering channels, or in low permeability background (e.g. 
lithology and composition of the channel fill and facies within the matrix, bedding orientation, 
geometry and primary structures etc.) may have a significant impact on the development of such 
reservoirs, especially for a gravity and mass dispersion driven process like VAPEX. This level of 
heterogeneity, however, can hardly be detected due to limits in seismic resolution (Davies et al. 1992). 
Here we performed a preliminary study to investigate numerically the influence on the VAPEX 
process of some of the selected static sensitivities of geological heterogeneities (e.g. channel stacking, 
channel sinuosity, channel width and Net-to-Gross ratio (NTG)). Although more sensitivities on 
geological heterogeneities exist in fluvial systems than are considered here, these are beyond the scope 
of this study.  
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7.4.3.1 Geological models: 
Scenarios with different realizations were generated geostatistically, by simulating different 
scenarios of geo-model channels for the 2D grid used in earlier sections in RMS, Roxar, which is an 
object-based algorithm. Two lithofacies were considered in these simulations (channels and the 
background), while assuming log-normally distributed permeabilities and porosities within the channel 
as well as for the background (i.e. based on observations in many studies, the permeability and porosity 
are well known to be log-normally distributed within the facies). 
For systems with a high permeability contrast between the channels and the background, the 
spreading of the solvent chamber may become trapped in those low permeability mudstones and may 
segregate more steadily elsewhere within the channel stories, mainly due to capillary effects.  To 
simulate this effect, two synthetic Gas-Oil relative permeabilities and capillary pressures curves were 
adapted from Pickup (2000) and assigned for the background (consisting of siltstone and mudstone) 
and for the channels (coarser sandstone), as shown in Fig ‎7.23. 
 
Fig ‎7.23. SCAL inputs of relative permeabilities and capillary pressure curves for 10 and 100 mD laminated 
sandstone, adapted from a detailed 2 phase up-scaling study of Pickup, 2000. 
In this preliminary study, we focused on studying the impact of only the following heterogeneity 
factors (selected from the heterogeneity hierarchy).
 20 
The examined sensitivities ranges are listed in 
Table 7-4: 
 Channel Stacking: Three different realizations that represent weak, moderate and strong stacking 
between the sandbodies were modelled (Fig ‎7.25-a). This element can be significant, especially in 
those low NTG reservoirs, since the more dispersed the sandbodies are in braided fluvial systems, 
presumably the less successful VAPEX is expected to be in these reservoirs, mainly due to poor 
lateral and vertical communication, which may significantly hinder the spreading of the vapour 
chamber in a low permeability matrix. Additionally, channel stacking may impact the aspect ratio 
of the sandbodies. For these reasons, therefore, in all the scenarios, only the channel stacking was 
varied while all other general properties, were set. To be able to accurately reflect the influence of 
the heterogeneity and fairly compare the recoveries between the different scenarios, the location of 
                                                          
20
 Since the sector model implemented in this study is only a 2D model and with limited grid resolution, the geological 
heterogeneity factors examined here were found to be the most worthy of examination. 
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the wells (injector and producer) were moved to the middle of the reservoir instead of the side 
injection, where all the pressure barriers and high permeability chargers can be sensed. 
 Channel Dimensions: The geometry and dimensions of the sandbodies can vary widely in 
turbidite fluvial systems (i.e. typically a thickness of 3 to 20 metres and a width of 50 to 400 
metres, in accordance with Alpak et al. 2012). The thickness of a single channel storey can often 
only be detected from the wireline logs and via limited core data, while the widths are estimated 
based on outcrop analogies or, roughly, from well testing. The dimensions of channel stories and 
channels may significantly influence the connectivity, especially in a low NTG scenario. In this 
sensitivity analysis, we considered only the latter dimensions of the sandbodies; since these were 
able to be captured in the 2D sector models; the realizations are shown in Fig ‎7.25-a.  
 Channel Sinuosity: Occasionally referred to as the sinuosity index or sinuosity coefficient. This 
major geological heterogeneity factor can be roughly estimated from the palaeocurrent variation 
observed from the core data (Jones et al. 1995; Choi et al. 2007). In this sensitivity, we varied the 
channel sinuosity from a low of 1.08 to a very sinuous 2.5, while setting the other modelling 
parameters to be the same as the base case. Interestingly, the simulated VAPEX recovery factors 
seem not to follow a regular trend in respect to channel sinuosity (Fig ‎7.25). 
 Net-to-Gross (NTGs): Another geological factor that we examined here is the effect of NTG, 
which might be more complicated when considering a 3D full reservoir scale model, since the 
NTG ratios may vary locally. Having a good knowledge about the continuity of the reservoir is 
vital to ensure a good use of the injected solvent and thus to achieve the expected recoveries. We 
simulated three different realizations on (Fig ‎7.26-b). 
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Table ‎7.4. Change in recovery factors by changing different geological factors: 
 
Fig ‎7.24. The effect of different geological 
heterogeneities on the cumulative oil of VAPEX. The 
percentage of change in recovery factors were 
compared to the base case. 
This preliminary sensitivity study revealed that, 
as expected, accurate geological modelling is 
very crucial in making costly decisions like well 
placement and prediction of recovery factors from VAPEX. The connectivity of the sandbodies within 
the low permeability background, the overall NTG values, channel width and sinuosity with respect to 
both injector and producer significantly influence the flow regimes of VAPEX and may control the 
pressure schemes, as the results in Fig ‎7.24 show. Varying the NTG and channel width also influences 
the geometric permeability averages. This shows that the oil recovery factors appeared to be extra 
sensitive to channel stacking. Channel dimensions; however, appeared to have a low impact on 
recoveries, since in all three channel width realizations the wells were placed in the high permeability 
channels. For longer times, however, a greater impact may be observed. Whilst the NTGs and channel 
sinuosity appeared to have a less pronounced effect on recovery they may still significantly control the 
overall sweep efficiency. 
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Fig ‎7.25. a) Channel stacking; b) channel sinuosity realizations that were considered in this study. Columns (left to 
right) represent the permeabilities, porosities and the rock types, respectively. 
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Fig ‎7.26. Multiple a) channel width; b) NTG realizations that were considered in this study. Columns (left to right) 
represent the permeabilities, porosities and the rock types, respectively. 
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Summary and Conclusions 
This study was conducted in order to extend the investigations into the performance of VAPEX 
from lab-scale experiments to field scale simulations using a model which combined realistic petro-
physical properties with a reasonable analogue of relatively heavy oil and solvent.  
The simulator‘s capacity to capture physically the two major principles in modelling the mechanism 
of VAPEX, the diffusion/dispersion mixing and the viscosity dilution of heavy oil by solvent, was 
carefully examined. A systematic series of simulations was performed to examine the oil production 
rates and the recovery factors that might potentially be achievable; the full range of static parameters 
influencing VAPEX, and; identification of the most sensitive parameters. Additionally, we examined 
the impact of the level of heterogeneity using the Dykstra and Parson Coefficients (VDP). In the final 
part of the study, we assessed the performance of VAPEX in respect to multiple realizations for models 
representing different deltaic-fluvial systems through a sensitivity analysis on some of the geological 
factors encountered in fluvial systems. 
The study confirmed the suggested square root dependency of the stabilised oil rates with reservoir 
permeabilities; however, for models with permeabilities of less than 20 mDarcys there was a clearly 
lower dependency between the oil rates and the corresponding model‘s permeabilities. A similar trend 
was reported in several studies, including the findings of Butler-Mokrys‘s 1989, where it was reported 
that a better agreement between the empirical correlation and the oil rates was observed for high 
permeability models. Interestingly, the simulations performed to investigate the dependency between 
the oil rates and reservoir height dependency revealed that oil rates were linearly dependent on reservoir 
drainage height rather than the suggested square dependency. This supports recent studies which have 
suggested a higher dependency on reservoir height. The results on height dependency, however, are not 
based on extrapolations from the lab scale since some of these experimental studies may be wide of the 
mark and limited by the range of reservoir thickness that could be physically investigated.  
Based on the sensitivity analysis performed using a sub-miscible fluid system to enable investigating 
the effect of capillarity, the simulated VAPEX oil rates were found to be mostly sensitive to reservoir 
drainage height, which is in accordance with our findings. The analysis also indicated that oil drainage 
rates are significantly affected by the vertical to horizontal permeability ratio, even more so than the 
effect of reservoir permeability; this was entirely ignored in the original study of Butler-Mokrys 1989. 
When compared to the other parameters investigated in this study, it appeared that molecular diffusion 
and mechanical dispersion have a rather lower influence on the performance of VAPEX. Moreover, by 
correlating the subsequent average oil rates with the corresponding VDP coefficient, we found that oil 
rates are substantially influenced by variations in heterogeneity in the vertical permeability. 
The results from multiple realizations of fluvial systems mostly indicated that the recovery factors 
are highly sensitive to the proposed geological model, specifically in terms of permeability near the 
producer and the injector. In general, deltaic systems with more dispersed permeabilities gave better 
VAPEX performance with less risk of missing the high permeability bar. Nevertheless, overall, fluvial 
systems with low NTGs and highly braided channels, may not form good candidates for VAPEX 
applications, as was evident from the low recovery factors observed in these systems. 
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Overall the field scale numerical simulations revealed that VAPEX oil extraction rates incorporating 
diffusional mixing are far too low for the mechanism to be commercially feasible. Despite the fact that 
incorporating single-well tracer test (SWTT) dispersivities into the numerical simulations significantly 
improved the recovery rates, they still remained unacceptably low. 
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Chapter 8  
Comparison of SAGD and VAPEX 
Introduction: 
Despite the potential advantages of Vapour Extraction (VAPEX) compared to Steam Assisted 
Gravity Drainage (SAGD), currently, it has not been proven to be capable of commercially exploiting 
heavy oil resources anywhere worldwide due to the significant uncertainties in respect to the expected 
oil drainage rates that could be obtained from the process.  
Where VAPEX is concerned, the rates of extracted oil and the anticipated recovery factors are 
projected to be low; given that the mixing rate by molecular diffusion alone is slow compared to the 
heat conduction in thermal methods. SAGD, on the other hand, has become one of the most popular 
technologies for heavy oil extraction worldwide, and specifically in Canada.  
This chapter begins by discussing the primary disadvantages of the SAGD process compared to 
VAPEX, before moving on to compare the performance and the physical aspects of the two 
mechanisms through a series of generic numerical simulations using a virtual model with realistic 
petro-physical properties and reasonable thermal conduction/mass dispersion values. Moreover, to 
understand the dynamic changes in the reservoir properties, mechanistic generic models were 
produced, which serve to describe the compositional regions formed with changes in temperature and 
pressure. Finally, some of the sensitivities which might have a detrimental effect on heat losses in 
SAGD, and thus its overall performance, are assessed. 
8.1 Base case SAGD model results: 
8.1.1 Oil rates, recovery factors 
Unlike VAPEX, many studies have been devoted to investigating the process of SAGD 
comprehensively, since it is economically more attractive and certainly more widely applied 
commercially process than VAPEX. Here we present generic simple simulations of the SAGD process 
for the purpose of comparison with VAPEX (the model has been detailed in Chapter 6). In these 
simulations, similar to previous simulations on VAPEX, steam was injected under constant pressure 
constraints. The injection and production wells‘ bottom-hole pressures were set to the initial reservoir 
pressure +0.99 kPa and -0.01kPa, respectively. The steam injection temperature, equivalent to the 
injected steam pressure, was about 280˚C, with a steam quality of 80%. Similar to the previous 
simulations in VAPEX, the initial reservoir temperature with corresponding reservoir depth and initial 
pressures was set to 60˚C, although typically the reservoir temperature for those shallow and highly 
viscous oil deposits ranges from 7-13˚C (Good et al. 1994; Gates and Chakrabarty 2008; Badamchi-
Zadeh 2013). The thermal rock and fluid properties have been discussed earlier in the chapter. 
Here we examined the oil drainage rates and the cumulative oil recovered, for homogenous and 
heterogeneous SAGD scenarios (as shown in Fig ‎8.1-a and Fig ‎8.1–b). As described, two geologically 
different scenarios have been simulated here, given that (case A) represents a homogenous model with 
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uniform permeability and porosity of 1 Darcy and 0.35, respectively, whilst the second scenario (case 
B) is a heterogeneous model, with an arithmetic permeability of  ~3.44 Darcy.  
 
Fig ‎8.1.A comparison of a) the produced oil rates; b) the cumulative oil produced from the two different SAGD 
scenarios (left to right). 
Table ‎8.1. Comparison between the VAPEX and SAGD simulations in terms of average stabilised oil rates, 
estimated total field oil rates, recovery factors and the time to reach the end of the vapour stabilisation period:  
Case 
Avg. stabilised Oil 
rates* 
 (m3/day) 
Estimated total field oil 
rate** 
(m3/day) 
Recovery factors† 
 
(%) 
Time to end of 
stabilisation period‡ 
(Years) 
SAGD Homog. (k= 1 D) 4.77 390 64.2 20 
SAGD Heterog.(karithmetic= 
3.44 D) 
5.76 480 65.0 19 
* Simulated oil rates for the 2D models and for only one half of the vapour chamber averaged during the stabilisation period. 
** Estimated total reservoir oil rates, assuming a horizontal well section of about 500 m. 
† Time taken for the solvent chamber to reach the top of the reservoir (usually referred to as the vapour rising phase). 
ﬃ Recovery factor for the 2D models at the time to the end of the vapour chamber stabilisation stage.  
 
As the results shown in Fig ‎8.2 and summarized in Table ‎8.1 indicate, the simulated average 
stabilised oil drainage for (case A) – the homogenous model – was about ~4.77 m3/day. Following the 
same assumptions that have been used in estimating field scale oil drainage rates from VAPEX, the 
effective horizontal well section was set to be about 500 m, the maximum expected oil rates from 
SAGD, considering a fully developed, idealized V-shaped solvent chamber, was estimated to be ~390 
m
3
/day. This figure is arrived at by multiplying the oil rates obtained from the 2D models by two, to 
account for the two symmetrical halves of the V-chamber, and multiplying again by the length of the 
horizontal section of the wells (500 m).  
For (case B), meanwhile, which is the base case geological model, (with isotropic distributed 
permeability at an arithmetic weighted average of ~3.44 Darcy), the average stabilised oil drainage was 
about 5.66 m
3
/day for the 2D sector model. Thus, the total estimated oil drainage rates at the field scale 
would be about 490 m
3
/day, applying the same assumptions of well length and assuming an idealized 
solvent chamber (although this is difficult given that in reality the injectivity varies along the horizontal 
well section, due to localized heterogeneity). Subsequently, due to these higher rates of oil extraction 
the recovery factors from SAGD scenarios were about ~60-65%, which is within the typical range of 
recovery factors from the SAGD process.  
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The figures below display snapshots of the oil-steam distribution, oil viscosities, pressures and 
steam mole fraction at the end of the stabilisation time, for a homogenous model (case A), with a 
uniform permeability of 1 Darcy and an anisotropic porosity of 0.35. Comparing Fig ‎8.2 with solvent –
oil distributions during VAPEX, as have been presented in the previous chapter, as expected, we can 
clearly observe that oil extraction with steam is very much more rapid than with solvent. A further 
observation is that the heat diffusion zone at the edge of the steam chamber is no longer sharp with 
uniform thickness, as had been observed in VAPEX. Additionally, similar to VAPEX, the pressure 
gradient within the vapour chamber was at a steady-state and the disturbance of reservoir pressure was 
very low and almost negligible, since gravity is dominating the process owing to the very low pressure 
constraints operated in the simulations. 
 
Fig ‎8.2. a) Variations in oil-gas/steam saturation distribution; b) corresponding changes in oil viscosity; c) 
reservoir pressure distribution ; d) reservoir temperature, at the end of steam stabilisation time for the previously 
discussed SAGD case A. 
8.1.3 Sensitivity study: factors impacting heat loss  
To complicate matters further, it is worth mentioning here that one of the key aspects when 
comparing the process of VAPEX with the SAGD is to bear in mind that the performance of SAGD is 
primarily subject to: firstly, heat losses to the over- and underburden or to thief and lean zones (e.g. top 
aquifers or gas caps), secondly, the rock multiphase fluid interaction involved in these processes (due 
to the flow of co-existed diluted oil, steam, solution gases and condensed steam flow simultaneously in 
the reservoir. Selecting the right relative permeability curves with the proper end-points to imply the 
temperature dependency could therefore massively influence the predicted SAGD performance (Good 
et al. 1997; Gates and Leskiw 2008; Lei at al. 2010; Ashrafi et al. 2011, 2013). This consideration was 
beyond the scope of this study, however, and the influence of the parameters of three–phase relative 
permeability equations (e.g. Corey 1954) has been extensively explored elsewhere. Here, however, we 
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verify the impact of some of the sensitivities that may influence the comparison, indirectly, by affecting 
the extent of heat losses during SAGD.  
8.1.1.1 Impact of initial water saturation (Swi): 
One of the main sensitivities that has been found to influence heat losses negatively in SAGD is the 
initial water saturation (Oskouei et al. 2012).  Many studies have cited that high water saturation may 
imply a lower oil relative permeability and subsequently reduce the oil rates significantly, in addition to 
the reported adverse effect of high water saturations on the Cumulative Steam Oil Ratio (CSOR) due to 
the increase in heat losses. Typically, the initial water saturations (Swi) in the Athabasca oil sands are 
around 0.1-0.2 (Good et al. 1994; 1997; Lei et al. 2010). Here, therefore, three different sensitivities of 
initial water saturations of 0, 0.1 and 0.2 were simulated. Fig ‎8.3 demonstrates the rates of heat loss to 
the overburden for block UBA (17, 1, 1/ 1, 1, 1) for the three Swi scenarios, with respect to time. The 
negative sign of the overburden heat loss in CMG is only an indication of the direction of the heat 
being lost – from the reservoir to the over-or underburden. Clearly, for initial production times, the heat 
loss rates were expected to increase with an increase in initial water saturation. Our results showed that 
the maximum heat lost to the overburden increased from ~9.089×106 J/day for the case with an Swi of 
0.1 to ~1.344×107 J/day for the case with an Swi 0.2. Moreover, although the results indicated that the 
stabilised oil rates were only slightly reduced with an increase in initial water saturations, nonetheless, 
the peak in oil rates dropped significantly with an increase in Swi.  
In addition, the CSOR increased from 0.73 for the scenario with no initial water saturation (Swi =0) 
to 1.26 for the case with Swi =0.2, which is quite a high increase if we compared the CSOR in mass per 
volume units. This, therefore, confirms that higher Swi negatively affects SAGD‘s performance. 
 
Fig ‎8.3. Comparison of the change in heat loss to the overburden in grid cell (17, 1, 1/1, 1, 1) and the Cumulative 
Steam Oil Ratio (CSOR) (Injector)/ (Producer), for three different initial water saturation (Swi) scenarios. 
8.1.1.2 Initial Reservoir temperature (reservoir depth) (TR): 
SAGD may be applied for fairly deep reservoirs compared to the shallow depths (200-500m) of the 
Canadian deposits, e.g. the pilot test in the LiaoHe oilfield in China was at a depth of 650 – 800m 
(Wang et al.  2009). At these greater depths the initial reservoir temperature may be higher and we 
therefore seek to verify here the influence of initial reservoir temperature (TR) on SAGD performance 
and the rate of heat loss to the overburden. In addition to the base case (TR=60 C), two different 
scenarios with initial reservoir temperatures of 40 C and 70 C were simulated. As shown in the figures 
below (Fig ‎8.4a-b), the stabilised SAGD oil rates reduced by at least  10% when the initial reservoir 
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temperature was reduced from 60 to 40  C, although the discrepancy in oil rates between the two 
scenarios, 60 C and 70 C was insignificant. Moreover, heat losses to the overburden took place much 
earlier for the model with a higher initial reservoir temperature (Ti=60 C). Nevertheless, later in the 
process, the rate of heat loss to the overburden remained lower (by 34%) for the scenario with higher 
initial reservoir temperature than for the scenario with a reservoir temperature of 40 C. This slight 
reduction in performance with a decrease in reservoir temperature is most likely explained by the 
viscosity temperature dependency, since the lower the initial reservoir temperature, the higher the oil 
viscosity and thus the more heat is required to reduce the oil viscosity. 
 
Fig ‎8.4. Comparison of the produced oil rates and the heat loss rates to the overburden in grid block UBA (13, 1, 
1/ 1, 1, 1).  
8.1.1.3 Impact of Gas-to-Oil-Ratio (GOR): 
The influence of initial Gas-to-Oil-Ratio (GOR) on the performance of SAGD has been underlined 
in many studies. Some of these have emphasised that a gas-rich-oil may lead to better SAGD 
performance (e.g. Yuan et al. 2001, 2006, 2010). In these previous studies, 1D laboratory tests were 
performed, along with history matching using numerical simulations, to validate the simulated 
influence of GOR. It was concluded that high GOR oil may have a beneficial effect in reducing the oil 
viscosity, enhancing the oil mobility, improving the CSORs and reducing the heat losses to the over- 
and underburden. It was pointed out in these studies, however, that the gas distilled from oil at high 
temperature may significantly impede the propagation of the steam front into the reservoir and 
therefore may reduce the oil rates. Furthermore, it was suggested that the detrimental effect of these 
accumulated gases (i.e. acting to insulate the temperature from the steam to the reservoir and therefore 
resisting the spread of the steam front) may dominate the overall SAGD performance and, therefore, 
that the improvement in oil rates with GOR is only pronounced at early production stages.   
Here, simulation scenarios with different GORs were compared. Besides the base case simulation 
model, which had a GOR of about 16 m
3
/m
3
, two other scenarios were simulated with a GOR of 29.6 
m
3
/m
3 
and 39.1 m
3
/m
3
, respectively. The figures below compare the oil rates, CSORs and rates of heat 
loss, respectively, for the three different GOR cases.  
The simulated oil rates (as shown in Fig ‎8.5-a) clearly show that the initial peak in produced oil 
rates was to some extent influenced by the oil‘s GOR and, the higher the GOR the better the initial oil 
rate. This can probably be linked to the advantage of solution gas in reducing the oil viscosities and 
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acting as a secondary drive in supporting the reservoir pressure during the oil production. At later 
points in time, however, it appeared that the stabilised oil rates were only very marginally affected by 
an increase in GOR, i.e. exhibiting an increase of ~2.55% for the scenarios of 39.6 m
3
/m
3
 compared to 
the scenario with a GOR of 29.1 m
3
/m
3
. Moreover, the simulated CSORs (Fig ‎8.5-b) were, 
interestingly, slightly higher with an increase in GOR (i.e., the injected water weights were 6.32×10
6 
kg, 7.25×10
6 
kg and 7.46×10
6 
kg, respectively with an increase in GOR). The same findings were noted 
in the study of Yuan et al. (2001, 2006, 2010). This can possibly be related to the fact that with an 
increase in GOR, more steam needs to be injected to achieve the desired steam conditions at the 
reservoir and to oppose the effect of the temperature drop with an increase in solution gas.  
Another remarkable observation is that the rate of heat loss to the overburden initially increased in 
the high GOR models, but then appeared to be significantly reduced with the increase in GOR (Fig ‎8.5-
c). This could be explained in that, for the initial periods of production, the models with high GORs 
tend to lose more heat to the overburden, since the more gas rich the oil is the less conductive it is (the 
conductivity of the gas is less than the oil) and hence, presumably, more of the heat is transferred to the 
overburden. In later production periods, however, the accumulation of gases in the uppermost region of 
the reservoir tends to reduce the surface area exposed to the heat transfer effects and, thereby, the rate 
of heat transfer to the overburden reduces as the GOR increases. This is one of the advantages of co-
injecting solvents or rich gases with steam, since they provide heat insulation and thus reduce heat 
losses. 
 
Fig ‎8.5. Showing a) Oil rates; b) Cumulative Steam to Oil Ratios (CSORs); c) Comparison of rate of heat lost to 
the overburden in block UBA (17,1,1/1,1,1) for different GOR scenarios ; d) and the global mole fraction of 
(N2toNC4), which is one of the gases in solution with the oil.  
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8.1.1.4 Impact of residual Oil Saturation (Sor):  
As mentioned earlier, relative permeabilities have a significant influence on describing the relative 
speed of flow of the different phases which coexist in the reservoir, as well as in defining the initial and 
residual saturations of these phases. Accordingly, relative permeabilities also have a major influence on 
the overall predicted SAGD performance and recovery factors. Moreover, several studies have 
emphasized the importance of using temperature dependent relative permeability curves in order to 
capture the influence of temperatures. 
Here, a preliminary sensitivity study was performed on the impact of the residual oil saturation 
(Sorg) of the gas-liquid relative permeabilities on the performance of SAGD – the impact of Corey 
exponents and relative permeability endpoints (i.e. no, nw, kro  krw ) were not considered in this study. 
Fig ‎8.6-a describes the three sets of gas-liquid relative permeabilities that were simulated. The 
production oil rates, CSORs and rates of heat loss to the overburden for each of the three Sorg cases are 
shown in Fig ‎8.6-b-d. As is clear from Fig ‎8.6-a, it appears that the oil rates were very sensitive to the 
Sorg, with the stabilised oil rates being significantly reduced with an increase in Sorg (i.e. the average 
stabilised oil rates reduced by 31.2% when the Sorg increased from 0.2 to 0.4). This conclusion was 
proposed by Butler-Mokrys analytical model for predicting the stabilised oil rates during the SAGD 
process, in which it was suggested that the oil rates (Q) are directly proportional to the mobile ssquare 
root of oil saturation – which is the difference between the initial oil saturation and the residual oil 
saturation ( So). Besides, as is indicated in the figure, although the stabilised oil rates were reduced 
with Sorg as expected, the peaks of the oil rates initially increased with an increase in the residual oil 
saturation. In addition, the CSORs increased considerably with an increase in residual oil saturation 
(Fig ‎8.6‎0-c). This can possibly be linked to the fact that where there is an increase in Sorg more steam 
has been injected for the same reservoir pressure and temperature.  
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Fig ‎8.6. a) Relative permeability sets used in this study with different Sorg; b) comparison of oil rates with different 
Sorg; c) oil rates with different Sorg; d) Steam-oil ratio: SOR (Injector)/Producer (m
3/m3); d) the rate of heat loss to 
the overburden in block (17,1,1). 
1.2 Discussion:  omp  ison wi h SAGD’s pe fo m nce: 
8.2.1 Oil rates, cumulative production: Here we compare the performance of the VAPEX 
simulation results with the performance of SAGD models. The description of the SAGD simulation 
model has been set out in detail earlier in the chapter. This section shows the oil rates from SAGD 
together with the three previously discussed VAPEX cases. SAGD, case A replicated a homogenous 
permeability and porosity model, whilst the second SAGD model (case B) is heterogeneous. For 
comparison, the same permeability and porosity values that were used in simulating VAPEX cases 
were also used in the SAGD simulated models. As has been mentioned previously, the injection and 
production pressure constraints in these SAGD models were set to be similar to those constraints in the 
VAPEX scenario. Table ‎8.2, below, summarises the results of these VAPEX and SAGD simulations. 
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Fig ‎8.7. Comparison between the simulated oil rates from VAPEX and SAGD. SAGD case A represents a 
homogenous permeability and porosity example, while case B represents a heterogeneous permeability and 
porosity example. 
Table ‎8.2. Comparison between the VAPEX and SAGD simulations in terms of average stabilised oil rates, 
estimated total field oil rates, recovery factors and the time to reach the end of the vapour stabilisation period: 
Case 
Avg. stabilised 
Oil rates* 
 (m3/day) 
Estimated total 
field oil rate** 
(m3/day) 
Recovery 
factors† 
(%) 
Time to end of 
stabilisation period‡ 
(Years) 
VAPEX Homog. (k= 1 D, Ktotal 
 ~7×10-9 m2/s) 0.147 12.3 5.66 60 
VAPEX Heterog.(karithmetic= 3.44 D, Ktotal 
 ~7×10-9 m2/s ) 0.422 35.2 14.6 30 
VAPEX Heterog.(karithmetic= 3.44 D, SWTT~6.3×10
-6 m2/s)   2.23  186 30.0 33 
SAGD Homog. (k= 1 D) 4.77 390 64.2 20 
SAGD Heterog.(karithmetic= 3.44 D) 5.76 480 65.0 19 
* Simulated oil rates for the 2D models and for only one half of the vapour chamber averaged during the stabilisation period. 
** Estimated total reservoir oil rates, assuming a horizontal well section of about 500 m. 
† Time taken for the solvent chamber to reach the top of the reservoir (usually referred to as the vapour rising phase).  
ﬃ Recovery factor for the 2D models at the time to the end of the vapour chamber stabilisation stage. 
As the results suggest, the oil rates obtained from the SAGD cases are at least an order of 
magnitude higher than those from VAPEX, despite the petro-physical properties being the same in the 
various scenarios. In addition, it was observed from the SAGD simulations that the steam chamber 
spread much more rapidly into the reservoir and reached the stabilisation stage faster than that of the 
solvent chamber in VAPEX, owing to the fact that heat conduction is at least three orders of magnitude 
faster than mass diffusivity. The estimated field scale average stabilised oil rates from the homogenous 
SAGD model (case A) was about 390 m
3
/day, whilst as discussed earlier, in VAPEX, the oil rates for 
the same scenario were only about 12.3 m
3
/day.   
Furthermore, as shown in Table ‎8.2, the recovery factors that were obtained at the end of the 
vapour chamber stabilisation time (i.e. the point at which the oil rates start declining due to the fall in 
the gravity head) were between about 65% in the SAGD models, which was reached about 20 years 
after the initial development point, whereas the simulated recovery factors from VAPEX for scenarios 
incorporating a fairly reasonable total dispersion value, barely exceeded 15% 30-60 years after the 
initial development.  
There is some promising potential for VAPEX, however. If we consider the scenario implementing 
field scale single well tracer test dispersivities (SWTTs), the estimated VAPEX field scale stabilised 
average oil rate is about 186 m
3
 and the recovery factor is about 30%. Therefore, there is a decent 
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chance that oil rates from VAPEX may be equivalent to the oil rates that can be obtained from SAGD, 
but only if the dispersivity values are equivalent to those field scale measurements.  
8.2.2. Oil mobility and mobilized oil region along the observation line: 
8.2.2.1 The process of VAPEX 
Fig ‎8.8-a, shows the simulated oil viscosity and the mobility across the observation line during the 
VAPEX process for the same scenario considered earlier (Case A). As shown from the figure, the left 
portion of the observation line lies at the solvent chamber region where the minimum viscosity is 
observed, equivalent to the viscosity of the injected solvent vapour (i.e. nearly equal to ~0.01 cp at the 
injected pressure and temperature). Retaining the gaseous phase of the solvent has many advantages, 
including improvement of the gravity drive, enhancement of the diffusion rates and reduction of the 
amount of solvent required (e.g. Das and Butler 1995 estimated that the volume of 0.5 kg of liquid 
propane is equivalent to only 0.02 kg of propane in the vapour phase, and thus the injection of propane 
in the vapour phase requires 25 time less solvent than the injection of the same solvent in the liquid 
phase). 
The oil mobility is basically zero throughout the vapour region as there is no oil present, before 
gradually increasing as we move forward from the solvent chamber area to the un-invaded or 
unperturbed oil zone. The oil mobility, as expected, increased with an increase in the solvent mole 
fraction dissolved in oil to reach a peak just at the edge of the thin solvent-oil diffusion boundary. 
Moreover, as described in Fig ‎8.8-a, the mobility of the oil in the un-invaded oil zone is very low 
(i.e.~0.67 mDarcy/cp), given that the initial oil viscosity is relatively high, and typically with VAPEX, 
for very viscous oil and bitumen, this is close to zero. The highest oil mobility is observed at the edge 
of the solvent chamber, where the lightest oil with the highest solvent concentration exists. This 
supposition is supported by the high peak observed in the propane mole fraction at this zone, as can be 
seen in Fig ‎8.8-b.  
We considered a linear observational path in the horizontal direction to investigate the changes in 
oil composition with variations in time, pressure and injected solvent concentration. The considered 
linear path started from the grid with UBA (24,1,2) (above the injector) and extended to the facing grid 
block with UBA (1,1,2) at the other side of the reservoir. The position of the selected linear path is in 
the upper half part of the reservoir since the front‘s highest speed is observed in this region, and 
therefore the variation in the compositional changes may be clearer than in the lower region of the 
reservoir, near the producer. 
It is worth noting here that the non-condensable injected methane remained in the gaseous phase 
throughout the observation line, however, due to its low density, it inclined to segregate more forward 
into the reservoir than the other gases. 
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Fig ‎8.8. The variation in: a) oil phase mobility and oil viscosity; b) Global propane mole fraction and oil viscosity 
along the observation line. The shaded zone is an approximation of the region of the oil-solvent diffusion. As can 
be seen from the figure, the thickness of the mobilised oil zone is roughly 9.61 m. 
We considered a linear observational path to investigate the changes in oil composition with 
variations in time, pressure and injected solvent concentration. The considered linear path started from 
the grid with UBA (24,1,2) (above the injector) and extended to the facing grid block with UBA (1,1,2) 
at the other side of the reservoir. The position of the selected linear path is in the upper half part of the 
reservoir since the front‘s highest speed is observed in this region, and therefore the variation in the 
compositional changes may be clearer than in the lower region of the reservoir, near the producer. 
The plots in Fig ‎8.9 display the observed changes in oil viscosity, oil mobility, oil saturation and 
global mole fractions of propane, respectively, along the observation line at the same time step (60 
years from the start of injection/production). As the plots indicate, there is essentially no variation in 
the saturations of the phases within the solvent chamber. Moreover, it can be observed that the 
undiluted oil, away from the boundary of the solvent chamber is unconditionally almost immobile 
(    
    ~ 0.67m Darcys/cp which is the initial oil mobility) and the only mobile oil is the diluted oil 
within the chamber diffusive boundary. These two conditions form the fundamentals of the analytical 
solution proposed by Butler-Mokrys (1989), which was based on the assumption of constant vapour 
pressure within the vapour chamber and that initial oil is immobile and only diluted oil within the 
diffusive layer is mobile. In this scenario, however, the maximum oil mobility did not exceed 1.5. 
 
Fig ‎8.9. a) Oil viscosity; b) oil phase mobility; c) global solvent mole fraction; d) Oil saturation; during the process 
of VAPEX along a linear path from grid block (24,1,2) to (1,1,2) at time step (06/12/2060). The estimated VAPEX 
diffusion layer in this scenario is about 26 m, based on the oil mobility profile, although it is not directly possible 
to estimate the diffusive layer based on the oil viscosity profile, since CMG seems not to distinguish between the 
properties of initially dissolved propane in oil (0.0195 oil mole fraction) and the injected condensed propane. 
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The same observation line that was used to investigate the compositional changes along a linear 
path during VAPEX was used here to investigate the dynamic thermal and compositional changes near 
the steam/oil interface during SAGD. Fig ‎8.10 display the 1D plots of the variation in oil viscosity, oil 
phase mobility, temperature and oil saturation plotted along the linear observation line.  
As can be clearly seen, the mobility of the heated oil in the thermal diffusive boundary was much 
higher than the mobility of the diluted oil by solvent in VAPEX (nearly by one order of magnitude 
    
    ~ 17.08 mDarcys/cp, since the reduction of oil viscosity is logarithmic, and therefore declines 
more rapidly with an increase in temperature). The steam extraction of oil and the spread of the steam 
front are also much faster than the process in VAPEX. Additionally, the oil adjacent to the steam front 
in the unperturbed region of the reservoir is being heated conductively, which can be explained through 
the oil viscosity reduction and the mobility enhancement in this zone. 
 
Fig ‎8.10. a) Oil viscosity; b) oil mobility; c) temperature; d) oil saturation during SAGD along the observation 
line. The time step considered (06/12/2031) is at the end of stabilisation time of the steam chamber.   
8.2.2.2 The process of SAGD 
As summarised in the table above, the Ns seems to be equivalent to ~1.12×10
-6 
based on a total 
dispersion of Ktotal~7×10
-9 
m
2
/s and about 4-fold higher using the end-point density       ) rather than 
the concentration-dependent (about~ 4.36×10
-6
). The estimated VAPEX stabilised oil drainage rates 
from the Butler-Mokrys equation incorporating dispersion alone and concentration-dependent density 
was around ~0.0158 m
3
/day, whilst using the second approach for calculating the Ns, the stabilised oil 
drainage rates were estimated to be 0.0312 m
3
/day. Comparing the analytically predicted oil drainage 
rates with the predictions from Butler-Mokrys, however, it can be noticed that the simulated oil 
drainage rates for the base case scenario were about 0.147 m
3
/day, which is, surprisingly, two orders of 
magnitude higher than the analytic calculations from the Butler-Mokrys equation. This is mainly since 
the simulations predict a higher Ns number compared to the analytical estimates (10
-4
 rather than the 10
-
6
) -even when applying end-point density-difference rather than the concentration-dependent density. 
These results support the previously drawn conclusion that there is a deficiency in the Butler and 
Mokry‘s equation. The comparison between the laboratory experiments, the Butler-Mokrys solution 
and simulation showed that the predictions from numerical simulations were more comparable to actual 
oil rates than the analytical rates, if this holds at the field scale then based on the simulations here, 
VAPEX might well produce oil at a higher rate than expected from the Butler-Mokrys equation. 
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Fig ‎8.11. The variation in: a) oil phase mobility and the change in oil viscosity; b) oil viscosity and reservoir 
temperature. The shaded region roughly represents the solvent-oil thin diffusive boundary. As can be seen from the 
figure, the thickness of the mobile reduced oil viscosity with thermal heat conduction is about 41 m. 
Moreover, when plotting the simulated changes in the compositional mole fractions of all the 
different gases which are dissolved in oil along the observation line (as shown in Fig ‎8.12), 
interestingly, it was observed that the gas mole fractions accumulated at the edge of the steam chamber. 
As the plot shows, the steam front accelerates towards the un-invaded oil zone, entirely extracting the 
gas in solution from the oil which then accumulates at the edge of the steam chamber. The lighter gases 
move further forward into the reservoir, leaving the denser gases at the edge of the steam front. After a 
thorough examination, it was found that the thickness of the region where the evolved gases exist was 
roughly 4 m. These accumulated gases, however, isolated the steam chamber to penetrate deeper, and 
caused the temperature to drop within this region, as can be observed from Fig 8.13. Moreover, it is 
worth mentioning here that these gases were not dissolved back into the oil, given that the mole 
fractions were insufficient to reach equilibrium. Nevertheless, heat conduction is still the dominant 
mechanism in reducing the heavy oil viscosity.  
 
Fig ‎8.12.  The variations in gas mole fractions along the observation line during the SAGD process. As the figure 
indicates, the gases dissolved in oil were extracted by heat and the partial pressure of steam in the gaseous phase. 
These evolved gases accumulated at the edge of the front of the steam chamber, forming oil rich with gas. Steam 
distillation was proposed to have a great influence on heavy oil recovery by SAGD (e.g. the steam injection project 
in the Qarn Alam field in Oman, (Babadagli and Al-Bemani 2007). Here we can observe that the lower the density 
of the gas evolved from the solution, the more advanced is its segregation further away from the edge of the steam 
front. 
8.2.2.3 Different compositional regions identified:  
Subsequent to the above systematic analysis, we came up with a close schematic to act as an 
approximation of the different zones encountered during the dynamic compositional and thermal 
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changes during both the VAPEX and SAGD processes. This is based on the specific study case used in 
this investigation. This is critical since it is difficult to study the dynamic changes in reservoir and fluid 
properties experimentally near the front of the vapour chamber. In addition, it is important to 
understand the impact of injected non-condensable injected gas during the VAPEX and SAGD 
processes.  
Identification of the different zones in the VAPEX process was quite straightforward since it is an 
isothermal process and closely isobaric throughout the chamber zone. Generally four different zones 
were able to be distinguished in VAPEX, as Fig 8.14 demonstrates: the solvent vapour region with 
only the injected solvent in the chamber, followed by the diluted or mobilised oil zone where both 
solvent and oil coexist. There then follows the reduced viscosity zone where the oil is still immobile, 
although the mobility is slightly higher than the initial oil mobility zone where it is insufficient for the 
oil to be drained by gravity. 
 
 
 
 
 
 
 
 
 
Fig ‎8.13. A schematic with an approximation of the different compositional regions formed in the observation line 
during the SAGD process. The mobilised oil zone is much thinner in the VAPEX process; in this case it is only 
9.61 m.  
It was also possible to identify four different zones for SAGD, as shown in Fig ‎8.14. The first region, 
starting from the left, is the steam with residual oil (SOR) only zone, where there is essentially no 
variation in phase saturation, as has been discussed earlier. This is followed by the condensed steam 
region at the boundary of the steam front. In this region the latent heat of the injected steam starts to 
drop, causing the formation of a very small fraction of condensed steam together with steam in the 
vapour phase, since the temperatures and pressure were still above the saturation conditions in these 
specific SAGD simulations. This was clear from the sharp increase in water saturation observed in the 
observation line. This is followed by the third zone, which is the mobilised oil zone, where the oil 
mobility rapidly increases from nearly immobile (~0.67 mDarcy/cp) to up to (17.06 mDarcy/cp). Due 
to the immiscibility of oil and water, this region is detached from the previous zone. Examination 
revealed that, together with oil, some of the evolved extracted gases from the solution exist in this 
region, as explained earlier, and these gases would dissolve in oil if their saturations were high enough 
to reach equilibrium. The last zone is the un-invaded oil zone, where although the first portion of it 
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may be thermally heated, overall, the mobility of the heated oil in this region is insufficient to produce 
it. 
 
Fig ‎8.14.  A schematic with an approximation of the different compositional regions formed in the observation line 
during the SAGD process. The mobilised oil zone is much thicker than in VAPEX process; in this case it is nearly 
30 m.  
8.2.3. Verifying the validity of the Butler-Mokrys: 
Fig ‎8.15 below shows the plot of the integral (which is a function of solvent concentration) used in 
calculating Ns.  
 
Fig ‎8.15.The change integral function f(Cs) versus the concentration, for calculating the NS number. This integral 
has been calculated knowing the change in density and viscosity with solvent concentration. 
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Table ‎8.3. Comparison of the estimated average stabilised oil rates from the Butler-Mokrys equation with the 
estimations from the simulations, for the base case VAPEX model: 
Calculated Ns using the dispersion (fraction) 1.12×10
-6 
Calculated Ns using dispersion and end-point density difference (fraction) 4.36×10
-6 
Reservoir height h (m)  30.3 
Porosity   (fraction) 0.35 
Homog. permeability k (Darcys) 1 
The angle of the inclination of the reservoir   (°)* 0.63 
Estimated stabilised oil rates from the Butler-Mokrys Qstabilised (Ns based on KL) (m
3/day) 0.0158 
Estimated stabilised oil rates from the Butler-Mokrys Qstabilised (Ns using KL and       ) (m
3/day) 0.0312 
Estimated  average oil rates from the simulations Qstabilised (m
3/day) 0.147 
* The angle of the inclination of the reservoir has been neglected in the calculation, given that the tilt is less than 1° 
As summarised in the table above, the Ns seems to be equivalent to ~1.12×10
-6 
based on a total 
dispersion of Ktotal~7×10
-9 
m
2
/s and about 4-fold higher using the end-point density       ) rather than 
the concentration-dependent (about~ 4.36×10
-6
). The estimated VAPEX stabilised oil drainage rates 
from the Butler-Mokrys equation incorporating dispersion alone and concentration-dependent density 
was around ~0.0158 m
3
/day, whilst using the second approach for calculating the Ns, the stabilised oil 
drainage rates were estimated to be 0.0312 m
3
/day. Comparing the analytically predicted oil drainage 
rates with the predictions from Butler-Mokrys, however, it can be noticed that the simulated oil 
drainage rates for the base case scenario were about 0.147 m
3
/day, which is, surprisingly, two orders of 
magnitude lower than the analytic calculations from the Butler-Mokrys. This is mainly since the 
simulations predict a higher Ns number compared to the analytical estimates (10
-4
 rather than the 10
-6
) -
even when applying end-point density-difference rather than the concentration-dependent density. 
These results support the previously drawn conclusions: a) there is a deficiency in the Butler and 
Mokry‘s equation; b) the predictions from numerical simulations are more comparable to the actual oil 
rates compared to the analytical rates. 
We then extended the calculations to test whether using a concentration-dependent diffusivity could 
govern the mixing being predicted from the simulator. As has been introduced in earlier chapters of this 
thesis, there are several theories estimating the diffusivity and hence the overall dispersion coefficients 
during the VAPEX process; with some studies building their calculation on concentration-dependent 
diffusivity (e.g. those proposed by Hayduk et al. 1973; Das and Butler 1996). Given that, for 
Newtonian fluids, the force acting on spheres which are randomly moving through a fluid, is directly 
related to the number of spheres in solution and inversely related to the viscosity of the fluid they travel 
through, and therefore, the dependency of the diffusivity could be indirectly related to the change in 
concentration. As can been seen from Fig ‎8.16, the Ns has been calculated using different 
concentration-dependent diffusivity correlations that have been suggested by Das and Butler 1996 (i.e. 
Dm=4.13×10
-9
µ
-0.46
 for propane-Heavy oil systems, and Dm=1.31×10
-9
µ
-0.46
 for butane-heavy system) 
and Hayduk et al. 1973 correlation (i.e. Dm=0.0591×10
-9
µ
-0.545
). 
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Fig ‎8.16.The change integral function f(Cs) versus the concentration, for calculating the NS number, using the 
proposed dynamic change of viscosity with mixture viscosity\. This integral has been calculated knowing the 
compositional change in density, viscosity, as well as the diffusivity. 
As listed in the table below, unsurprisingly it appeared that factoring in concentration-dependent 
diffusivities appeared to only slightly improve the Ns values and, subsequently, the overall estimated oil 
rates from the Butler-Mokrys, although the predicted oil rates from the Butler-Mokrys remained lower 
than the estimations from the simulations. This mainly because we are not using a concentration-
dependent diffusivity in STARS, so improving the match by including this in your analytical 
calculation is not physically meaningful. This could lead to the suggestion that the stabilised oil rates 
have a higher dependency on parameters which have a greater influence on the oil drainage rates, 
implying a higher dependency on reservoir drainage height (h). 
Table ‎8.4. Comparison of the estimated average stabilised oil rates from the Butler-Mokrys equation using 
dispersion calculated from various concentration-dependent dispersion values: 
Calculated Ns using  Das and Butler 1996 correlation: Dm= 1.13×10
-9µ-0.46 (dimensionless) 1.14×10-6 
Calculated Ns using  Das and Butler 1996 correlation: Dm= 4.13×10
-9µ-0.46 (dimensionless) 1.20×10-6 
Calculated Ns using  Hyduk et al. 1973 correlation: Dm= 0.0591 ×10
-9µ-0.545 (dimensionless) 1.12×10-6 
Estimated stabilised oil rates from the Butler-Mokrys (Das and Butler 1996) using correlation I (m3/day) 0.0160 
Estimated stabilised oil rates from the Butler-Mokrys (Das and Butler 1996) using correlation II (m3/day) 0.0162 
Estimated  average oil rates from the simulations (Hyduk et al. 1973) (m3/day) 0.0157 
Summary and Conclusions: 
In this study, the performance of VAPEX was compared with SAGD from the perspective of 
achievable oil rates and recovery factors. Although the process of SAGD has been thoroughly 
investigated in the literature in this study it was used as a reference to evaluate VAPEX. 
The key findings of the study were that a VAPEX model with petro-physical properties that would 
be expected from oil sand deposits, and implementing a reasonable total dispersion value equivalent to 
the diffusivity ranges measured in the lab, returned quite low estimated field scale oil rates (maximum 
stabilised oil rates of ~35 m
3
/day). In this scenario, the recovery factors barely exceeded ~5.66-14.6%, 
which shows that the process is very slow especially if we take into account the time it takes for this 
production target to be reached.  
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VAPEX oil rates seem to be a bit more encouraging, however, when implementing field scale 
measured dispersivities from tracer tests. In this scenario the oil rates increased significantly from the 
base case (by 65.0%) to be about 186 m
3
/day – which is within the same range as the oil rates that can 
be obtained from SAGD. Additionally, it was observed from the VAPEX simulations of heterogeneous 
models that the solvent vapour chamber is uneven, in contrast to the homogenous models. The oil rates 
from the SAGD process, for models with the same properties, ranged from 390-480 m
3
/day and the 
recovery factors were about 64-65%.  
A mechanistic study was also performed to identify the dynamic changes during the process of 
SAGD and VAPEX and the different zones that are formed between the front of the chamber and the 
un-invaded oil zone. In VAPEX, four different zones were identified along the linear observation line 
that was considered: a vapour only region with solvent, followed by a diluted and mobilised oil stream, 
where both solvent and oil coexist, and the un-invaded oil region. Within this region although the 
viscosity of the oil contacting the mobilised oil zone is slightly reduced, nonetheless the mobility is still 
too low for the oil to be drained to the producer. For SAGD, meanwhile, owing to the high rate of heat 
conduction, the steam‘s front travel deeper into the reservoir compared to the speed of the solvent‘s 
front in VAPEX.  
Moreover, for SAGD four different regions were observed along the observation line. The first 
region is the vapour only region where only steam exists with residual oil. Here there is essentially no 
variation in phase saturations since the pressure and the steam‘s temperature are consistent with the 
injected steam‘s pressure and temperature. The region within the boundary of the steam front is 
composed of accumulated condensed water, where the latent heat of the injected steam starts to drop, 
causing the formation of a very small fraction of condensed steam together with steam in the vapour 
phase. This is followed by a third travelled, the mobilised oil zone, where the oil mobility rapidly 
increases from nearly immobile (~0.67 mDarcy/cp) to up to (17.06 mDarcy/cp). Due to the 
immiscibility between oil and water, this region is isolated from the previous zone. Along with oil, 
some of the evolved extracted gases from solution exist in this region and these gases would dissolve in 
oil if their saturations were high enough to reach equilibrium. The last zone is the un-invaded oil zone; 
the first part of this may be thermally heated but the mobility of the heated oil in this region is 
insufficient to produce it. 
It was also essential to discuss the issue of heat losses during the SAGD process, as this is one of 
the key determinants of the success of the process. This is a broad topic that has been extensively 
discussed in the literature, but here the impact on the SAGD process of certain sensitivities were 
examined (the initial water saturation (Swi), reservoir temperature, Gas-Oil Ratio (GOR) and residual oil 
saturation (Sorg)) The detrimental effect of initial water saturation was confirmed from the simulations, 
which indicated a significant increase in CSORs and heat loss to the overburden as Swi increased. As 
expected, the simulations also indicated a reduction in the performance of SAGD with a decrease in the 
reservoir‘s initial temperature. Moreover, the sensitivity on GOR, presented that rate of heat loss to the 
overburden initially increased in the high GORs models, but then appeared to be significantly reduced 
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with the increase in GOR. In addition, the CSORs increased considerably with an increase in residual 
oil saturation.   
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Chapter 9  
Conclusions and recommendations for future work  
This chapter summarises the main conclusions arrived at through the course of this thesis as well as identifying 
outstanding issues requiring further research.  
9.1 Key findings:  
9.1.1 Key findings from the laboratory scale investigations
21
:  
i. The Butler-Mokrys‘ analytical model was found to underestimate substantially the oil drainage rates in all of 
the cases investigated, even when the effects of convective dispersion and end-point density difference 
were factored in. This is consistent with most of the previous experiments on VAPEX (Butler and Mokrys 
1991, 1993a-b; Dunn et al. 1989; Das 1995, 1998; Lim et al. 1996; Das and Butler 1998; Boustani 2001; 
Boustani and Maini 2001; Etminan et al. 2011 ; Karmaker and Maini 2003; Yazdani and Maini 2005, 
2006, 2009a; Kapadia et al. 2006; Cuthiell et al. 2003, 2006, 2013; Tam 2007; Rezaei and Chatzis 2008; 
Alkindi et al. 2008b-c, 2009, 2010, 2011; Moghadam et al. 2009; Abukhalifeh et al. 2011; Ahmadloo et 
al. 2011, 20013; Jia et al. 2012; Al-Hadhrami et al. 2013, 2014). Clearly, particular assumptions that were 
made in the derivation of the Butler-Mokrys semi-analytical equation, appear to be invalid for porous 
media, this is despite the good agreement that has been achieved with the Hele-Shaw experiments. 
Through a comprehensive review of the different explanations for the analytical derivation‘s 
underestimation of the oil drainage rates proposed in previous studies as well as the results shown in 
Chapter 3, it is seems that part of the reason for this underestimation is the neglect of the extra mixing due 
to convective dispersion during the process (as was also found by Alkindi et al. 2008c-2011). Although 
including convective dispersion significantly improves the predictions of the stabilised oil drainage rates, 
it appears that there are additional reservoir parameters which also have an influence on the oil drainage 
rates. According to the sensitivities on reservoir drainage thickness, the stabilised oil drainage rates 
appeared to have a higher dependency on reservoir thickness Q  const.h0.67 (in simulations applying 
constant injection rates and setting the aspect ratio to be 1:1).  
ii. With regard to the experiments performed on  layered systems,  the following conclusions are drawn:  
a. Layering adversely affects the performance of VAPEX as the solvent bypasses the oil in the low 
permeability layers, leading to a reduction in the overall sweep efficiency; (b) It appears that the 
permeability contrast between the layers (or the facies) is most important in determining whether the layer 
with lower permeability will be swept rather than its absolute permeability; (c) The oil drainage rates 
were best correlated with the square root of the arithmetic average of the layer permeabilities rather than 
the harmonic average. This is an indication that most of the displacement was taking place in the direction 
parallel to the layers; (d) Upscaling is improved if the arithmetic mean of the permeability is multiplied by 
the factor of the square root of the high permeability layer thickness over the total reservoir thickness, 
                                                          
21 It should be borne in mind here that the findings from the experiments in this study are relevant for systems with fully miscible fluids.   
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i.e. √        ; (e) additionally the results reveal that VAPEX is very sensitive to the permeability near the 
producer (NWR).  
b. A single discontinuous shale just above the injection well (i.e. above well region AWR) will have a slight 
impact on the oil drainage rate and oil recovery. It has been observed, however, that the simulations were 
significantly under-predicting the drop in oil drainage rates due to shales in comparison to the results from 
the simulator. The predictions from the simulator were much more comparable to the experimental oil 
drainage rates than the analytical estimations, although they were still slightly lower than the physical oil 
rates in both homogeneous and heterogeneous systems. 
c. A very fine grid is needed in numerical simulations in order to model the VAPEX process. 
d. For all the scenarios examined the simulator appeared to predict a less gravity driven flow with a less 
advanced solvent chamber compared to the observations from the experiments. This is possibly an 
indication of problems with STARS in modelling the gravity term; this has also been observed in a 
number of previous studies (e.g. Muggeridge et al. (2005)). 
e. Comparisons between experiments and simulation predictions showed that the numerical simulations 
correctly predict the differences in recovery between different realizations of geological heterogeneity, 
and indeed the stabilised oil rates predicted by simulations were closer to those obtained experimentally 
than the analytical predictions. This suggests that numerical simulation can be used to investigate field 
scale sensitivities to geological heterogeneity, provided a sufficiently fine grid is used. 
9.1.2 Key findings from the field-scale simulation: 
i. Field-scale simulations confirmed the square root dependency of the stabilised oil rates on reservoir 
permeability. For models with permeabilities of less than ~20 mD, however there was clearly a lower 
dependency between the oil rate and the corresponding reservoir permeability. This may be because flow 
is less gravity dominated. It is unlikely that VAPEX would be applied in such a low permeability 
reservoir. 
ii. Interestingly, simulations using field scale models revealed that the stabilised oil rates were more 
strongly dependent on reservoir thickness than the square root dependency, suggested by Butler and 
Mokrys (1989), i.e.  Q . h1.31. This result was obtained when applying constant injection and production 
pressure constraints and fixing the reservoir length to be the same in all of the scenarios whilst varying 
the reservoir thickness. This suggests that VAPEX is more sensitive to reservoir thickness than 
permeability, diffusion and porosity. 
iii. The sensitivity analysis also indicated that stabilised oil drainage rates are very sensitive to the vertical to 
horizontal permeability ratio (kv/kh). This was entirely ignored in the original study of Butler-Mokrys 
(1989). Peter et al. (1998) emphasized the significance of the vertical permeability (kv), in their gravity to 
viscous dimensionless number (Ng/v), which was derived based on time ratios rather than the force ratio. 
This is expected for a gravity dominated drainage process (GA), similar to SAGD and GAGD.  
iv. The results from more realistic fluvial geological models indicated that recovery factors are highly 
sensitive to the geological realisation, particularly with respect to the permeability near the producer and 
‎Chapter 9                                                                                               Conclusions and recommendations for future work 
 
186 
 
the injector (NWR). Overall braided fluvial systems with low NTGs and high channel repulsion may not 
form good candidates for VAPEX applications, as was evident from the low recovery factors observed in 
this study. 
v. The oil rates for the VAPEX model with petro-physical properties that would be expected in heavy oil 
deposits, and using a reasonable total dispersion value equivalent to the ranges of lab-scale measured 
dispersivity, returned quite low estimated field scale oil rates (maximum total field stabilised oil rates of 
~35 m
3
/day). In this scenario, the recovery factors barely exceeded ~5.7-14.6%. The recovery process is 
very slow, especially if we take into account the time it takes for this production target to be reached.  
vi. Interestingly, VAPEX oil rates seem to be more encouraging when implementing field scale measured 
dispersivities from tracer tests (SWTT), rather than laboratory measured dispersivity. In this scenario the 
oil rates increased significantly to be about ~186 m
3
/day with a recovery factor of about 35%, 
considering a horizontal well section of 500 m. Whilst, implementing a total dispersion value equivalent 
to those ranges obtained from lab measurement, returned quite low estimated field scale oil rates 
(maximum stabilised oil rates of ~35 m
3
/day). In this scenario, the recovery factors expectedly barely 
exceeded ~5.66-14.6%. 
vii. Furthermore, a mechanistic study was performed to identify the dynamic changes during the process of 
SAGD and VAPEX. For SAGD four different regions were observed along the observation line (steam 
with residual oil only region, condensed steam region, mobilised oil region –where oil mobility rapidly 
increased from nearly immobile (~0.67 mDarcy/cp) to up to (17.06 mDarcy/cp)-, and the last zone is the 
un-invaded oil zone). Whilst in VAPEX, generally four different zones were able to be distinguished (the 
solvent vapour region with only the injected solvent in the chamber, followed by the diluted or mobilised 
oil zone where both solvent and oil coexist, then follows the reduced viscosity zone where the oil is still 
immobile), however, the maximum oil mobility did not exceed 1.5 mDarcy/cp in VAPEX. 
9.2 Recommendations for future work: 
As a result of this research we recommend further investigation of the following issues: 
i. The study confirmed a deficiency in the Butler and Mokrys equation, and therefore further analytical study 
should be accomplished to come up with an improved mathematical derivation to re-produce the stabilised 
oil drainage rates.  
ii. Dispersion plays an important role in determining what oil drainage rates those can be achieved from 
VAPEX, therefore it is crucial to be able to estimate the expected level of mixing at the reservoir-scale, 
taking into account the various heterogeneities that would be encountered in real reservoirs. The following 
additional laboratory experiments could possibly contribute to the understanding of these aspects of 
dispersion:   
 Investigating the impact of fine-scale heterogeneities on dispersion (i.e. core-scale variations in 
permeability and porosity as well as small discontinuous shales). This could be done by correlating 
the measured dispersivity coefficients with the horizontal and vertical correlation length, coefficient 
of variation or the Dykstra and Parson Coefficients etc., utilizing both fully miscible and sub-miscible 
pairs of fluids. Of course such a study would need to consider the rheology of the fluids used, 
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including viscosity and density contrast and mobility ratios.  Despite the fact that the impact of fine-
scale heterogeneities has been emphasised in several studies (Blackwell 1957; Bear 1969, 1972; 
Greenkorn and Kessler 1969; Brigham 1969; Lake 1981; Lake and Hirasaki 1981 and many others), 
experimental investigations seeking to quantify the effective reservoir dispersion resulting from these 
small scale heterogeneities, remain very limited.   
 Investigating the scale dependency of dispersion by performing larger scale experiments to see if 
diffusivity increases as the lab experiment increases in size, for unfavourable viscosity ratios (M>>1) 
–similar to the scenario with VAPEX- using rock slabs with reasonable scales and levels of 
heterogeneity (after inspecting any artificial changes in the properties (since such shallow reservoirs 
are expected to be unconsolidated). Although there is an extensive literature (Majoros et al. 1980; 
Gelhar et al. 1992; Mahadevan et al. 2003 and many others) proposing the scale-dependency of the 
dispersivities based on SWTT tests, there have only been a few laboratory studies into the process.  
iii. Although bead packs have been used previously in many investigations into flow through porous media, 
they have not been widely used in the investigation of the physics governing oil production during the 
process of VAPEX. Such an approach allows a better assessment of the impact of reservoir height and 
capillarity on the stabilised oil drainage rates, as well as analytical modelling of the diffusion and dispersion 
fluxes. The models should preferably be two dimensional, with sufficient thickness to minimize problems 
with edge effects. The spreading of the solvent and the fluid distributions near the diffusion layer could be 
inspected using X-ray Computed Tomography (i.e. CT scans)
22
 and image analysis tools. Thus, the material 
selected in constructing the packs should be able to withstand the imposed pressure, and have a low X-ray 
attenuation (i.e. good transmission of the X-ray). To examine the influence of capillarity on the process, the 
oil drainage rates, for both sub-miscible and fully-miscible fluid systems (with similar density and viscosity 
contrasts), could be compared. This experimental setup could address many issues, such as the rate of 
mixing between the solvent and the oil, the influence of capillary pressure on the process, as well as 
identifying the actual influence of the effective parameters of other models, including porosity, permeability 
and dispersion. This would certainly help to develop a fuller understanding of the process and therefore 
enable the upscaling of the oil drainage rates to the field scale. 
iv. The effect of capillarity on the VAPEX process for sub-miscible fluid systems should be thoroughly 
investigated experimentally using comprehensive and delicate experiments. Moreover, the influence of 
using a vapour solvent rather than a liquid solvent on the process is also worth investigating.  
v. The efficiency of pressure cycling on the VAPEX process should be investigated, either by means of 
laboratory experiments or well converged numerical simulations (or a combination of both), with a focus on 
the achievable oil drainage rates and potential improvement in the recovery factors. Butler-Mokrys 
suggested that pressure cycling might improve the efficiency of the process, however the method was not 
fully investigated in their study (Butler and Mokrys 1990). In a different recent experimental study by Jiang 
et al. (2014), an interesting finding was that continuous injection of the solvent, in conjunction with cyclic 
production (i.e. shutting the producer repeatedly so as to permit pressure to build up and allow mixing 
                                                          
22 The method is efficient and able to capture images in 3D with a reasonable penetration scale. The density tomography can be reconstructed from the CT scans 
and measured attenuation. Subsequently, the density profiles could manifest the depleted zones, the flow path of the vapour and the thickness of the diffusive 
layer.   
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between the solvent and oil), led to a significant improvement in oil recoveries. Muhamad et al. (2012), 
meanwhile, found that the temporal variation of the pressure with time improves the efficiency of the 
process by ~10% compared to experiments with a constant injection pressure. This is mainly attributed to 
an increase in the steady-state diffusional mixing with the reduction in solvent injection pressure, for a 
gravity dominated flow.  
vi. The influence of edge effects on the overall stabilised oil rates should be further investigated using 
laboratory experiments, for models with various sizes –given that edge effect may have a greater influence 
on smaller packs.  
vii. Field scale numerical simulation of the VAPEX process is still challenging. The followings aspects should 
be further examined:  
 Although for laboratory-scale models, physical dispersion and the thickness of the diffusion layer can 
be captured (within a degree of accuracy) by applying a global grid refinement – after an extensive 
screening of optimum grid thicknesses and time steps, such an approach would be computationally 
inefficient when it comes to modelling field-scale reservoirs. In this regard, it is worth establishing 
other suitable methods for grid refinement, and examining these has been proposed in some studies, 
such as the dynamic grid refinement in compositional simulators (Sammon 2003).  
 Since, in reality, reservoirs are generally heterogeneous, another challenge in modelling the process 
of VAPEX would be upscaling and averaging the effective properties, primarily the permeabilities. 
As has been seen throughout this study, this could be complicated in very random un-correlated 
reservoirs, especially with a diagonal ―V-shaped‖ solvent chamber flow.   
 Further work needs to be done to determine the exact cause of the discrepancies between the 
simulation and the experiments. As has been observed in this study, the simulator was referring to a 
less gravity driven flow than those observed in the physical models. We inferred that this 
disagreement between experiments and the simulation may be due to the way in which the gravity 
terms are modelled in STARS, since the simulator applies an upstream weighting to solve the fluxes. 
It is therefore worth investigating different methods for simulating gravity driven flows, and 
comparing the robustness and resolution of these against results obtained from physical solutions. 
viii. In terms of assessment of the performance of VAPEX compared to that of SAGD, more realistic reservoir 
scenarios (e.g. reservoirs with thin net pay, high water saturation or those in contact with active water 
aquifers or gas caps) should be considered, rather than the generic model that has been considered in this 
study. Due to the significant sensitivity of the performance of SAGD to heat losses, the two methods should 
also be screened in terms of their economics and profitability. 
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APPENDIX  
Field-scale simulation base case model deck file: 
VAPEX Base Case  
RESULTS SIMULATOR STARS 2013 
**=========================================================== 
** Output  
**=========================================================== 
WPRN GRID TIME 
OUTPRN GRID ALL 
OUTPRN WELL WELLCOMP 
OUTPRN RES ALL 
WPRN ITER TIME 
INUNIT SI 
WSRF WELL 1 
WSRF GRID TIME 
WSRF SECTOR TIME 
OUTPRN WELL ALL 
OUTPRN ITER NEWTON 
OUTSRF GRID FLUXRC FPOROS MASDENG MASDENO PERMI PERMJ PERMK PRES QUALBLK SG SO  
 SW TEMP VISO X Y  
OUTSRF WELL LAYER ALL 
WPRN GRID 0 
OUTSRF GRID PRES VELOCSC VISO Z  
OUTSRF WELL COMPONENT ALL 
OUTSRF WELL LAYER ALL 
**$  Distance units: m  
RESULTS XOFFSET           0.0000 
RESULTS YOFFSET           0.0000 
RESULTS ROTATION           0.0000  **$  (DEGREES) 
RESULTS AXES-DIRECTIONS 1.0 -1.0 1.0 
**=========================================================== 
** Definition of fundamental corner point grid 
**=========================================================== 
GRID CORNER 24 1 26 
CORNERS 
 332423.9100 2*332434.5684 2*332445.2269 2*332455.8853 2*332466.5438 
 2*332477.2022 2*332487.8606 2*332498.5191 2*332509.1775 2*332519.8359 
 2*332530.4944 2*332541.1528 2*332551.8113 2*332562.4697 2*332573.1281 
 2*332583.7866 2*332594.4450 2*332605.1034 2*332615.7619 2*332626.4203 
 2*332637.0787 2*332647.7372 2*332658.3956 2*332669.0541 332679.7125 
 332430.0599 2*332440.7174 2*332451.3754 2*332462.0339 2*332472.6932 
 2*332483.3528 2*332494.0130 2*332504.6732 2*332515.3336 2*332525.9937 
 2*332536.6536 2*332547.3134 2*332557.9736 2*332568.6338 2*332579.2940 
 2*332589.9542 2*332600.6146 2*332611.2750 2*332621.9356 2*332632.5962 
 2*332643.2569 2*332653.9175 2*332664.5788 2*332675.2401 332685.9008 
 332423.9100 2*332434.5684 2*332445.2269 2*332455.8853 2*332466.5438 
 2*332477.2022 2*332487.8606 2*332498.5191 2*332509.1775 2*332519.8359 
 2*332530.4944 2*332541.1528 2*332551.8113 2*332562.4697 2*332573.1281 
 2*332583.7866 2*332594.4450 2*332605.1034 2*332615.7619 2*332626.4203 
 2*332637.0787 2*332647.7372 2*332658.3956 2*332669.0541 332679.7125 
 332430.0599 2*332440.7174 2*332451.3754 2*332462.0339 2*332472.6932 
 2*332483.3528 2*332494.0130 2*332504.6732 2*332515.3336 2*332525.9937 
 2*332536.6536 2*332547.3134 2*332557.9736 2*332568.6338 2*332579.2940 
 2*332589.9542 2*332600.6146 2*332611.2750 2*332621.9356 2*332632.5962 
 2*332643.2569 2*332653.9175 2*332664.5788 2*332675.2401 332685.9008 
 332423.9100 2*332434.5684 2*332445.2269 2*332455.8853 2*332466.5438 
 2*332477.2022 2*332487.8606 2*332498.5191 2*332509.1775 2*332519.8359 
 2*332530.4944 2*332541.1528 2*332551.8113 2*332562.4697 2*332573.1281 
 2*332583.7866 2*332594.4450 2*332605.1034 2*332615.7619 2*332626.4203 
 2*332637.0787 2*332647.7372 2*332658.3956 2*332669.0541 332679.7125 
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 332430.0599 2*332440.7174 2*332451.3754 2*332462.0339 2*332472.6932 
 2*332483.3528 2*332494.0130 2*332504.6732 2*332515.3336 2*332525.9937 
 2*332536.6536 2*332547.3134 2*332557.9736 2*332568.6338 2*332579.2940 
 2*332589.9542 2*332600.6146 2*332611.2750 2*332621.9356 2*332632.5962 
 2*332643.2569 2*332653.9175 2*332664.5788 2*332675.2401 332685.9008 
 332423.9100 2*332434.5684 2*332445.2269 2*332455.8853 2*332466.5438 
 2*332477.2022 2*332487.8606 2*332498.5191 2*332509.1775 2*332519.8359 
 2*332530.4944 2*332541.1528 2*332551.8113 2*332562.4697 2*332573.1281 
 2*332583.7866 2*332594.4450 2*332605.1034 2*332615.7619 2*332626.4203 
 2*332637.0787 2*332647.7372 2*332658.3956 2*332669.0541 332679.7125 
 332430.0599 2*332440.7174 2*332451.3754 2*332462.0339 2*332472.6932 
 2*332483.3528 2*332494.0130 2*332504.6732 2*332515.3336 2*332525.9937 
 2*332536.6536 2*332547.3134 2*332557.9736 2*332568.6338 2*332579.2940 
 2*332589.9542 2*332600.6146 2*332611.2750 2*332621.9356 2*332632.5962 
 2*332643.2569 2*332653.9175 2*332664.5788 2*332675.2401 332685.9008 
 332423.9100 2*332434.5684 2*332445.2269 2*332455.8853 2*332466.5438 
 2*332477.2022 2*332487.8606 2*332498.5191 2*332509.1775 2*332519.8359 
 2*332530.4944 2*332541.1528 2*332551.8113 2*332562.4697 2*332573.1281 
 2*332583.7866 2*332594.4450 2*332605.1034 2*332615.7619 2*332626.4203 
 2*332637.0787 2*332647.7372 2*332658.3956 2*332669.0541 332679.7125 
 332430.0599 2*332440.7174 2*332451.3754 2*332462.0339 2*332472.6932 
 2*332483.3528 2*332494.0130 2*332504.6732 2*332515.3336 2*332525.9937 
 2*332536.6536 2*332547.3134 2*332557.9736 2*332568.6338 2*332579.2940 
 2*332589.9542 2*332600.6146 2*332611.2750 2*332621.9356 2*332632.5962 
 2*332643.2569 2*332653.9175 2*332664.5788 2*332675.2401 332685.9008 
 332423.9100 2*332434.5684 2*332445.2269 2*332455.8853 2*332466.5438 
 2*332477.2022 2*332487.8606 2*332498.5191 2*332509.1775 2*332519.8359 
 2*332530.4944 2*332541.1528 2*332551.8113 2*332562.4697 2*332573.1281 
 2*332583.7866 2*332594.4450 2*332605.1034 2*332615.7619 2*332626.4203 
 2*332637.0787 2*332647.7372 2*332658.3956 2*332669.0541 332679.7125 
 332430.0599 2*332440.7174 2*332451.3754 2*332462.0339 2*332472.6932 
 2*332483.3528 2*332494.0130 2*332504.6732 2*332515.3336 2*332525.9937 
 2*332536.6536 2*332547.3134 2*332557.9736 2*332568.6338 2*332579.2940 
 2*332589.9542 2*332600.6146 2*332611.2750 2*332621.9356 2*332632.5962 
 2*332643.2569 2*332653.9175 2*332664.5788 2*332675.2401 332685.9008 
 332423.9100 2*332434.5684 2*332445.2269 2*332455.8853 2*332466.5438 
 2*332477.2022 2*332487.8606 2*332498.5191 2*332509.1775 2*332519.8359 
 2*332530.4944 2*332541.1528 2*332551.8113 2*332562.4697 2*332573.1281 
 2*332583.7866 2*332594.4450 2*332605.1034 2*332615.7619 2*332626.4203 
 2*332637.0787 2*332647.7372 2*332658.3956 2*332669.0541 332679.7125 
 332430.0599 2*332440.7174 2*332451.3754 2*332462.0339 2*332472.6932 
 2*332483.3528 2*332494.0130 2*332504.6732 2*332515.3336 2*332525.9937 
 2*332536.6536 2*332547.3134 2*332557.9736 2*332568.6338 2*332579.2940 
 2*332589.9542 2*332600.6146 2*332611.2750 2*332621.9356 2*332632.5962 
 2*332643.2569 2*332653.9175 2*332664.5788 2*332675.2401 332685.9008 
 332423.9100 2*332434.5684 2*332445.2269 2*332455.8853 2*332466.5438 
 2*332477.2022 2*332487.8606 2*332498.5191 2*332509.1775 2*332519.8359 
 2*332530.4944 2*332541.1528 2*332551.8113 2*332562.4697 2*332573.1281 
 2*332583.7866 2*332594.4450 2*332605.1034 2*332615.7619 2*332626.4203 
 2*332637.0787 2*332647.7372 2*332658.3956 2*332669.0541 332679.7125 
 332430.0599 2*332440.7174 2*332451.3754 2*332462.0339 2*332472.6932 
 2*332483.3528 2*332494.0130 2*332504.6732 2*332515.3336 2*332525.9937 
 2*332536.6536 2*332547.3134 2*332557.9736 2*332568.6338 2*332579.2940 
 2*332589.9542 2*332600.6146 2*332611.2750 2*332621.9356 2*332632.5962 
 2*332643.2569 2*332653.9175 2*332664.5788 2*332675.2401 332685.9008 
 332423.9100 2*332434.5684 2*332445.2269 2*332455.8853 2*332466.5438 
 2*332477.2022 2*332487.8606 2*332498.5191 2*332509.1775 2*332519.8359 
 2*332530.4944 2*332541.1528 2*332551.8113 2*332562.4697 2*332573.1281 
 2*332583.7866 2*332594.4450 2*332605.1034 2*332615.7619 2*332626.4203 
 2*332637.0787 2*332647.7372 2*332658.3956 2*332669.0541 332679.7125 
 332430.0599 2*332440.7174 2*332451.3754 2*332462.0339 2*332472.6932 
 2*332483.3528 2*332494.0130 2*332504.6732 2*332515.3336 2*332525.9937 
 2*332536.6536 2*332547.3134 2*332557.9736 2*332568.6338 2*332579.2940 
 2*332589.9542 2*332600.6146 2*332611.2750 2*332621.9356 2*332632.5962 
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 2*332643.2569 2*332653.9175 2*332664.5788 2*332675.2401 332685.9008 
 332423.9100 2*332434.5684 2*332445.2269 2*332455.8853 2*332466.5438 
 2*332477.2022 2*332487.8606 2*332498.5191 2*332509.1775 2*332519.8359 
 2*332530.4944 2*332541.1528 2*332551.8113 2*332562.4697 2*332573.1281 
 2*332583.7866 2*332594.4450 2*332605.1034 2*332615.7619 2*332626.4203 
 2*332637.0787 2*332647.7372 2*332658.3956 2*332669.0541 332679.7125 
 332430.0599 2*332440.7174 2*332451.3754 2*332462.0339 2*332472.6932 
 2*332483.3528 2*332494.0130 2*332504.6732 2*332515.3336 2*332525.9937 
 2*332536.6536 2*332547.3134 2*332557.9736 2*332568.6338 2*332579.2940 
 2*332589.9542 2*332600.6146 2*332611.2750 2*332621.9356 2*332632.5962 
 2*332643.2569 2*332653.9175 2*332664.5788 2*332675.2401 332685.9008 
 332423.9100 2*332434.5684 2*332445.2269 2*332455.8853 2*332466.5438 
 2*332477.2022 2*332487.8606 2*332498.5191 2*332509.1775 2*332519.8359 
 2*332530.4944 2*332541.1528 2*332551.8113 2*332562.4697 2*332573.1281 
 2*332583.7866 2*332594.4450 2*332605.1034 2*332615.7619 2*332626.4203 
 2*332637.0787 2*332647.7372 2*332658.3956 2*332669.0541 332679.7125 
 332430.0599 2*332440.7174 2*332451.3754 2*332462.0339 2*332472.6932 
 2*332483.3528 2*332494.0130 2*332504.6732 2*332515.3336 2*332525.9937 
 2*332536.6536 2*332547.3134 2*332557.9736 2*332568.6338 2*332579.2940 
 2*332589.9542 2*332600.6146 2*332611.2750 2*332621.9356 2*332632.5962 
 2*332643.2569 2*332653.9175 2*332664.5788 2*332675.2401 332685.9008 
 332423.9100 2*332434.5684 2*332445.2269 2*332455.8853 2*332466.5438 
 2*332477.2022 2*332487.8606 2*332498.5191 2*332509.1775 2*332519.8359 
 2*332530.4944 2*332541.1528 2*332551.8113 2*332562.4697 2*332573.1281 
 2*332583.7866 2*332594.4450 2*332605.1034 2*332615.7619 2*332626.4203 
 2*332637.0787 2*332647.7372 2*332658.3956 2*332669.0541 332679.7125 
 332430.0599 2*332440.7174 2*332451.3754 2*332462.0339 2*332472.6932 
 2*332483.3528 2*332494.0130 2*332504.6732 2*332515.3336 2*332525.9937 
 2*332536.6536 2*332547.3134 2*332557.9736 2*332568.6338 2*332579.2940 
 2*332589.9542 2*332600.6146 2*332611.2750 2*332621.9356 2*332632.5962 
 2*332643.2569 2*332653.9175 2*332664.5788 2*332675.2401 332685.9008 
 332423.9100 2*332434.5684 2*332445.2269 2*332455.8853 2*332466.5438 
 2*332477.2022 2*332487.8606 2*332498.5191 2*332509.1775 2*332519.8359 
 2*332530.4944 2*332541.1528 2*332551.8113 2*332562.4697 2*332573.1281 
 2*332583.7866 2*332594.4450 2*332605.1034 2*332615.7619 2*332626.4203 
 2*332637.0787 2*332647.7372 2*332658.3956 2*332669.0541 332679.7125 
 332430.0599 2*332440.7174 2*332451.3754 2*332462.0339 2*332472.6932 
 2*332483.3528 2*332494.0130 2*332504.6732 2*332515.3336 2*332525.9937 
 2*332536.6536 2*332547.3134 2*332557.9736 2*332568.6338 2*332579.2940 
 2*332589.9542 2*332600.6146 2*332611.2750 2*332621.9356 2*332632.5962 
 2*332643.2569 2*332653.9175 2*332664.5788 2*332675.2401 332685.9008 
 332423.9100 2*332434.5684 2*332445.2269 2*332455.8853 2*332466.5438 
 2*332477.2022 2*332487.8606 2*332498.5191 2*332509.1775 2*332519.8359 
 2*332530.4944 2*332541.1528 2*332551.8113 2*332562.4697 2*332573.1281 
 2*332583.7866 2*332594.4450 2*332605.1034 2*332615.7619 2*332626.4203 
 2*332637.0787 2*332647.7372 2*332658.3956 2*332669.0541 332679.7125 
 332430.0599 2*332440.7174 2*332451.3754 2*332462.0339 2*332472.6932 
 2*332483.3528 2*332494.0130 2*332504.6732 2*332515.3336 2*332525.9937 
 2*332536.6536 2*332547.3134 2*332557.9736 2*332568.6338 2*332579.2940 
 2*332589.9542 2*332600.6146 2*332611.2750 2*332621.9356 2*332632.5962 
 2*332643.2569 2*332653.9175 2*332664.5788 2*332675.2401 332685.9008 
 332423.9100 2*332434.5684 2*332445.2269 2*332455.8853 2*332466.5438 
 2*332477.2022 2*332487.8606 2*332498.5191 2*332509.1775 2*332519.8359 
 2*332530.4944 2*332541.1528 2*332551.8113 2*332562.4697 2*332573.1281 
 2*332583.7866 2*332594.4450 2*332605.1034 2*332615.7619 2*332626.4203 
 2*332637.0787 2*332647.7372 2*332658.3956 2*332669.0541 332679.7125 
 332430.0599 2*332440.7174 2*332451.3754 2*332462.0339 2*332472.6932 
 2*332483.3528 2*332494.0130 2*332504.6732 2*332515.3336 2*332525.9937 
 2*332536.6536 2*332547.3134 2*332557.9736 2*332568.6338 2*332579.2940 
 2*332589.9542 2*332600.6146 2*332611.2750 2*332621.9356 2*332632.5962 
 2*332643.2569 2*332653.9175 2*332664.5788 2*332675.2401 332685.9008 
 332423.9100 2*332434.5684 2*332445.2269 2*332455.8853 2*332466.5438 
 2*332477.2022 2*332487.8606 2*332498.5191 2*332509.1775 2*332519.8359 
 2*332530.4944 2*332541.1528 2*332551.8113 2*332562.4697 2*332573.1281 
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 2*332583.7866 2*332594.4450 2*332605.1034 2*332615.7619 2*332626.4203 
 2*332637.0787 2*332647.7372 2*332658.3956 2*332669.0541 332679.7125 
 332430.0599 2*332440.7174 2*332451.3754 2*332462.0339 2*332472.6932 
 2*332483.3528 2*332494.0130 2*332504.6732 2*332515.3336 2*332525.9937 
 2*332536.6536 2*332547.3134 2*332557.9736 2*332568.6338 2*332579.2940 
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 2529066.7100 2*2529060.5128 2*2529054.3156 2*2529048.1184 2*2529041.9213 
 2*2529035.7241 2*2529029.5269 2*2529023.3297 2*2529017.1325 2*2529010.9353 
 2*2529004.7381 2*2528998.5409 2*2528992.3438 2*2528986.1466 2*2528979.9494 
 2*2528973.7522 2*2528967.5550 2*2528961.3578 2*2528955.1606 2*2528948.9634 
 2*2528942.7663 2*2528936.5691 2*2528930.3719 2*2528924.1747 2528917.9775 
 2529077.6034 2*2529071.4081 2*2529065.2127 2*2529059.0170 2*2529052.8205 
 2*2529046.6230 2*2529040.4253 2*2529034.2279 2*2529028.0304 2*2529021.8327 
 2*2529015.6351 2*2529009.4375 2*2529003.2400 2*2528997.0425 2*2528990.8450 
 2*2528984.6473 2*2528978.4496 2*2528972.2519 2*2528966.0541 2*2528959.8561 
 2*2528953.6581 2*2528947.4601 2*2528941.2621 2*2528935.0641 2528928.8663 
 2529066.7100 2*2529060.5128 2*2529054.3156 2*2529048.1184 2*2529041.9213 
 2*2529035.7241 2*2529029.5269 2*2529023.3297 2*2529017.1325 2*2529010.9353 
 2*2529004.7381 2*2528998.5409 2*2528992.3438 2*2528986.1466 2*2528979.9494 
 2*2528973.7522 2*2528967.5550 2*2528961.3578 2*2528955.1606 2*2528948.9634 
 2*2528942.7663 2*2528936.5691 2*2528930.3719 2*2528924.1747 2528917.9775 
 2529077.6034 2*2529071.4081 2*2529065.2127 2*2529059.0170 2*2529052.8205 
 2*2529046.6230 2*2529040.4253 2*2529034.2279 2*2529028.0304 2*2529021.8327 
 2*2529015.6351 2*2529009.4375 2*2529003.2400 2*2528997.0425 2*2528990.8450 
 2*2528984.6473 2*2528978.4496 2*2528972.2519 2*2528966.0541 2*2528959.8561 
 2*2528953.6581 2*2528947.4601 2*2528941.2621 2*2528935.0641 2528928.8663 
 2529066.7100 2*2529060.5128 2*2529054.3156 2*2529048.1184 2*2529041.9213 
 2*2529035.7241 2*2529029.5269 2*2529023.3297 2*2529017.1325 2*2529010.9353 
 2*2529004.7381 2*2528998.5409 2*2528992.3438 2*2528986.1466 2*2528979.9494 
 2*2528973.7522 2*2528967.5550 2*2528961.3578 2*2528955.1606 2*2528948.9634 
 2*2528942.7663 2*2528936.5691 2*2528930.3719 2*2528924.1747 2528917.9775 
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 2529077.6034 2*2529071.4081 2*2529065.2127 2*2529059.0170 2*2529052.8205 
 2*2529046.6230 2*2529040.4253 2*2529034.2279 2*2529028.0304 2*2529021.8327 
 2*2529015.6351 2*2529009.4375 2*2529003.2400 2*2528997.0425 2*2528990.8450 
 2*2528984.6473 2*2528978.4496 2*2528972.2519 2*2528966.0541 2*2528959.8561 
 2*2528953.6581 2*2528947.4601 2*2528941.2621 2*2528935.0641 2528928.8663 
 2529066.7100 2*2529060.5128 2*2529054.3156 2*2529048.1184 2*2529041.9213 
 2*2529035.7241 2*2529029.5269 2*2529023.3297 2*2529017.1325 2*2529010.9353 
 2*2529004.7381 2*2528998.5409 2*2528992.3438 2*2528986.1466 2*2528979.9494 
 2*2528973.7522 2*2528967.5550 2*2528961.3578 2*2528955.1606 2*2528948.9634 
 2*2528942.7663 2*2528936.5691 2*2528930.3719 2*2528924.1747 2528917.9775 
 2529077.6034 2*2529071.4081 2*2529065.2127 2*2529059.0170 2*2529052.8205 
 2*2529046.6230 2*2529040.4253 2*2529034.2279 2*2529028.0304 2*2529021.8327 
 2*2529015.6351 2*2529009.4375 2*2529003.2400 2*2528997.0425 2*2528990.8450 
 2*2528984.6473 2*2528978.4496 2*2528972.2519 2*2528966.0541 2*2528959.8561 
 2*2528953.6581 2*2528947.4601 2*2528941.2621 2*2528935.0641 2528928.8663 
 2529066.7100 2*2529060.5128 2*2529054.3156 2*2529048.1184 2*2529041.9213 
 2*2529035.7241 2*2529029.5269 2*2529023.3297 2*2529017.1325 2*2529010.9353 
 2*2529004.7381 2*2528998.5409 2*2528992.3438 2*2528986.1466 2*2528979.9494 
 2*2528973.7522 2*2528967.5550 2*2528961.3578 2*2528955.1606 2*2528948.9634 
 2*2528942.7663 2*2528936.5691 2*2528930.3719 2*2528924.1747 2528917.9775 
 2529077.6034 2*2529071.4081 2*2529065.2127 2*2529059.0170 2*2529052.8205 
 2*2529046.6230 2*2529040.4253 2*2529034.2279 2*2529028.0304 2*2529021.8327 
 2*2529015.6351 2*2529009.4375 2*2529003.2400 2*2528997.0425 2*2528990.8450 
 2*2528984.6473 2*2528978.4496 2*2528972.2519 2*2528966.0541 2*2528959.8561 
 2*2528953.6581 2*2528947.4601 2*2528941.2621 2*2528935.0641 2528928.8663 
 2529066.7100 2*2529060.5128 2*2529054.3156 2*2529048.1184 2*2529041.9213 
 2*2529035.7241 2*2529029.5269 2*2529023.3297 2*2529017.1325 2*2529010.9353 
 2*2529004.7381 2*2528998.5409 2*2528992.3438 2*2528986.1466 2*2528979.9494 
 2*2528973.7522 2*2528967.5550 2*2528961.3578 2*2528955.1606 2*2528948.9634 
 2*2528942.7663 2*2528936.5691 2*2528930.3719 2*2528924.1747 2528917.9775 
 2529077.6034 2*2529071.4081 2*2529065.2127 2*2529059.0170 2*2529052.8205 
 2*2529046.6230 2*2529040.4253 2*2529034.2279 2*2529028.0304 2*2529021.8327 
 2*2529015.6351 2*2529009.4375 2*2529003.2400 2*2528997.0425 2*2528990.8450 
 2*2528984.6473 2*2528978.4496 2*2528972.2519 2*2528966.0541 2*2528959.8561 
 2*2528953.6581 2*2528947.4601 2*2528941.2621 2*2528935.0641 2528928.8663 
 2529066.7100 2*2529060.5128 2*2529054.3156 2*2529048.1184 2*2529041.9213 
 2*2529035.7241 2*2529029.5269 2*2529023.3297 2*2529017.1325 2*2529010.9353 
 2*2529004.7381 2*2528998.5409 2*2528992.3438 2*2528986.1466 2*2528979.9494 
 2*2528973.7522 2*2528967.5550 2*2528961.3578 2*2528955.1606 2*2528948.9634 
 2*2528942.7663 2*2528936.5691 2*2528930.3719 2*2528924.1747 2528917.9775 
 2529077.6034 2*2529071.4081 2*2529065.2127 2*2529059.0170 2*2529052.8205 
 2*2529046.6230 2*2529040.4253 2*2529034.2279 2*2529028.0304 2*2529021.8327 
 2*2529015.6351 2*2529009.4375 2*2529003.2400 2*2528997.0425 2*2528990.8450 
 2*2528984.6473 2*2528978.4496 2*2528972.2519 2*2528966.0541 2*2528959.8561 
 2*2528953.6581 2*2528947.4601 2*2528941.2621 2*2528935.0641 2528928.8663 
 2529066.7100 2*2529060.5128 2*2529054.3156 2*2529048.1184 2*2529041.9213 
 2*2529035.7241 2*2529029.5269 2*2529023.3297 2*2529017.1325 2*2529010.9353 
 2*2529004.7381 2*2528998.5409 2*2528992.3438 2*2528986.1466 2*2528979.9494 
 2*2528973.7522 2*2528967.5550 2*2528961.3578 2*2528955.1606 2*2528948.9634 
 2*2528942.7663 2*2528936.5691 2*2528930.3719 2*2528924.1747 2528917.9775 
 2529077.6034 2*2529071.4081 2*2529065.2127 2*2529059.0170 2*2529052.8205 
 2*2529046.6230 2*2529040.4253 2*2529034.2279 2*2529028.0304 2*2529021.8327 
 2*2529015.6351 2*2529009.4375 2*2529003.2400 2*2528997.0425 2*2528990.8450 
 2*2528984.6473 2*2528978.4496 2*2528972.2519 2*2528966.0541 2*2528959.8561 
 2*2528953.6581 2*2528947.4601 2*2528941.2621 2*2528935.0641 2528928.8663 
 1078.7927 2*1078.9840 2*1079.1792 2*1079.3904 2*1079.6208 2*1079.8723 
 2*1080.1399 2*1080.4208 2*1080.7128 2*1081.0112 2*1081.3164 2*1081.6215 
 2*1081.9271 2*1082.2339 2*1082.5409 2*1082.8551 2*1083.1681 2*1083.4851 
 2*1083.7977 2*1084.1060 2*1084.4125 2*1084.7089 2*1084.9918 2*1085.2540 
 1085.4946 1078.6843 2*1078.8651 2*1079.0588 2*1079.2726 2*1079.5165 
 2*1079.7788 2*1080.0593 2*1080.3478 2*1080.6382 2*1080.9308 2*1081.2260 
 2*1081.5222 2*1081.8145 2*1082.1072 2*1082.4055 2*1082.7169 2*1083.0361 
 2*1083.3572 2*1083.6849 2*1084.0061 2*1084.3212 2*1084.6340 2*1084.9326 
 2*1085.2124 1085.4603 1079.8643 2*1080.0552 2*1080.2512 2*1080.4633 
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 2*1080.6941 2*1080.9453 2*1081.2117 2*1081.4911 2*1081.7810 2*1082.0776 
 2*1082.3813 2*1082.6849 2*1082.9895 2*1083.2953 2*1083.6021 2*1083.9163 
 2*1084.2300 2*1084.5487 2*1084.8639 2*1085.1755 2*1085.4863 2*1085.7871 
 2*1086.0742 2*1086.3397 1086.5822 1079.7563 2*1079.9369 2*1080.1311 
 2*1080.3459 2*1080.5901 2*1080.8516 2*1081.1304 2*1081.4165 2*1081.7046 
 2*1081.9951 2*1082.2887 2*1082.5835 2*1082.8740 2*1083.1659 2*1083.4634 
 2*1083.7751 2*1084.0951 2*1084.4177 2*1084.7483 2*1085.0735 2*1085.3931 
 2*1085.7111 2*1086.0146 2*1086.2990 1086.5493 1079.8643 2*1080.0552 
 2*1080.2512 2*1080.4633 2*1080.6941 2*1080.9453 2*1081.2117 2*1081.4911 
 2*1081.7810 2*1082.0776 2*1082.3813 2*1082.6849 2*1082.9895 2*1083.2953 
 2*1083.6021 2*1083.9163 2*1084.2300 2*1084.5487 2*1084.8639 2*1085.1755 
 2*1085.4863 2*1085.7871 2*1086.0742 2*1086.3397 1086.5822 1079.7563 
 2*1079.9369 2*1080.1311 2*1080.3459 2*1080.5901 2*1080.8516 2*1081.1304 
 2*1081.4165 2*1081.7046 2*1081.9951 2*1082.2887 2*1082.5835 2*1082.8740 
 2*1083.1659 2*1083.4634 2*1083.7751 2*1084.0951 2*1084.4177 2*1084.7483 
 2*1085.0735 2*1085.3931 2*1085.7111 2*1086.0146 2*1086.2990 1086.5493 
 1080.9358 2*1081.1262 2*1081.3232 2*1081.5361 2*1081.7673 2*1082.0183 
 2*1082.2836 2*1082.5613 2*1082.8492 2*1083.1440 2*1083.4462 2*1083.7483 
 2*1084.0518 2*1084.3567 2*1084.6633 2*1084.9775 2*1085.2917 2*1085.6123 
 2*1085.9301 2*1086.2450 2*1086.5601 2*1086.8652 2*1087.1565 2*1087.4253 
 1087.6697 1080.8285 2*1081.0085 2*1081.2034 2*1081.4194 2*1081.6637 
 2*1081.9244 2*1082.2015 2*1082.4852 2*1082.7709 2*1083.0596 2*1083.3516 
 2*1083.6449 2*1083.9336 2*1084.2246 2*1084.5212 2*1084.8333 2*1085.1541 
 2*1085.4783 2*1085.8118 2*1086.1409 2*1086.4648 2*1086.7881 2*1087.0967 
 2*1087.3855 1087.6382 1080.9358 2*1081.1262 2*1081.3232 2*1081.5361 
 2*1081.7673 2*1082.0183 2*1082.2836 2*1082.5613 2*1082.8492 2*1083.1440 
 2*1083.4462 2*1083.7483 2*1084.0518 2*1084.3567 2*1084.6633 2*1084.9775 
 2*1085.2917 2*1085.6123 2*1085.9301 2*1086.2450 2*1086.5601 2*1086.8652 
 2*1087.1565 2*1087.4253 1087.6697 1080.8285 2*1081.0085 2*1081.2034 
 2*1081.4194 2*1081.6637 2*1081.9244 2*1082.2015 2*1082.4852 2*1082.7709 
 2*1083.0596 2*1083.3516 2*1083.6449 2*1083.9336 2*1084.2246 2*1084.5212 
 2*1084.8333 2*1085.1541 2*1085.4783 2*1085.8118 2*1086.1409 2*1086.4648 
 2*1086.7881 2*1087.0967 2*1087.3855 1087.6382 1082.0072 2*1082.1973 
 2*1082.3951 2*1082.6090 2*1082.8407 2*1083.0913 2*1083.3555 2*1083.6316 
 2*1083.9175 2*1084.2106 2*1084.5110 2*1084.8118 2*1085.1141 2*1085.4182 
 2*1085.7246 2*1086.0387 2*1086.3536 2*1086.6759 2*1086.9962 2*1087.3145 
 2*1087.6339 2*1087.9435 2*1088.2388 2*1088.5110 1088.7571 1081.9006 
 2*1082.0803 2*1082.2758 2*1082.4928 2*1082.7373 2*1082.9973 2*1083.2727 
 2*1083.5540 2*1083.8372 2*1084.1239 2*1084.4143 2*1084.7063 2*1084.9930 
 2*1085.2834 2*1085.5791 2*1085.8914 2*1086.2131 2*1086.5388 2*1086.8751 
 2*1087.2083 2*1087.5367 2*1087.8650 2*1088.1787 2*1088.4719 1088.7272 
 1082.0072 2*1082.1973 2*1082.3951 2*1082.6090 2*1082.8407 2*1083.0913 
 2*1083.3555 2*1083.6316 2*1083.9175 2*1084.2106 2*1084.5110 2*1084.8118 
 2*1085.1141 2*1085.4182 2*1085.7246 2*1086.0387 2*1086.3536 2*1086.6759 
 2*1086.9962 2*1087.3145 2*1087.6339 2*1087.9435 2*1088.2388 2*1088.5110 
 1088.7571 1081.9006 2*1082.0803 2*1082.2758 2*1082.4928 2*1082.7373 
 2*1082.9973 2*1083.2727 2*1083.5540 2*1083.8372 2*1084.1239 2*1084.4143 
 2*1084.7063 2*1084.9930 2*1085.2834 2*1085.5791 2*1085.8914 2*1086.2131 
 2*1086.5388 2*1086.8751 2*1087.2083 2*1087.5367 2*1087.8650 2*1088.1787 
 2*1088.4719 1088.7272 1083.0787 2*1083.2684 2*1083.4672 2*1083.6819 
 2*1083.9139 2*1084.1643 2*1084.4272 2*1084.7019 2*1084.9857 2*1085.2770 
 2*1085.5759 2*1085.8752 2*1086.1765 2*1086.4796 2*1086.7858 2*1087.0999 
 2*1087.4155 2*1087.7395 2*1088.0624 2*1088.3840 2*1088.7078 2*1089.0217 
 2*1089.3212 2*1089.5967 1089.8446 1082.9727 2*1083.1521 2*1083.3480 
 2*1083.5662 2*1083.8109 2*1084.0701 2*1084.3438 2*1084.6227 2*1084.9036 
 2*1085.1882 2*1085.4771 2*1085.7676 2*1086.0526 2*1086.3422 2*1086.6370 
 2*1086.9496 2*1087.2721 2*1087.5994 2*1087.9385 2*1088.2756 2*1088.6086 
 2*1088.9420 2*1089.2607 2*1089.5585 1089.8162 1083.0787 2*1083.2684 
 2*1083.4672 2*1083.6819 2*1083.9139 2*1084.1643 2*1084.4272 2*1084.7019 
 2*1084.9857 2*1085.2770 2*1085.5759 2*1085.8752 2*1086.1765 2*1086.4796 
2*1086.7858 2*1087.0999 2*1087.4155 2*1087.7395 2*1088.0624 2*1088.3840 
 2*1088.7078 2*1089.0217 2*1089.3212 2*1089.5967 1089.8446 1082.9727 
 2*1083.1521 2*1083.3480 2*1083.5662 2*1083.8109 2*1084.0701 2*1084.3438 
 2*1084.6227 2*1084.9036 2*1085.1882 2*1085.4771 2*1085.7676 2*1086.0526 
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 2*1086.3422 2*1086.6370 2*1086.9496 2*1087.2721 2*1087.5994 2*1087.9385 
 2*1088.2756 2*1088.6086 2*1088.9420 2*1089.2607 2*1089.5585 1089.8162 
 1084.1405 2*1084.3297 2*1084.5293 2*1084.7451 2*1084.9780 2*1085.2286 
 2*1085.4913 2*1085.7656 2*1086.0492 2*1086.3405 2*1086.6399 2*1086.9398 
 2*1087.2417 2*1087.5450 2*1087.8511 2*1088.1647 2*1088.4797 2*1088.8027 
 2*1089.1251 2*1089.4464 2*1089.7701 2*1090.0842 2*1090.3837 2*1090.6589 
 1090.9060 1084.0345 2*1084.2136 2*1084.4100 2*1084.6293 2*1084.8746 
 2*1085.1335 2*1085.4066 2*1085.6847 2*1085.9651 2*1086.2502 2*1086.5402 
 2*1086.8319 2*1087.1176 2*1087.4078 2*1087.7026 2*1088.0146 2*1088.3362 
 2*1088.6624 2*1089.0001 2*1089.3364 2*1089.6691 2*1090.0021 2*1090.3208 
 2*1090.6184 1090.8754 1084.1405 2*1084.3297 2*1084.5293 2*1084.7451 
 2*1084.9780 2*1085.2286 2*1085.4913 2*1085.7656 2*1086.0492 2*1086.3405 
 2*1086.6399 2*1086.9398 2*1087.2417 2*1087.5450 2*1087.8511 2*1088.1647 
 2*1088.4797 2*1088.8027 2*1089.1251 2*1089.4464 2*1089.7701 2*1090.0842 
 2*1090.3837 2*1090.6589 1090.9060 1084.0345 2*1084.2136 2*1084.4100 
 2*1084.6293 2*1084.8746 2*1085.1335 2*1085.4066 2*1085.6847 2*1085.9651 
 2*1086.2502 2*1086.5402 2*1086.8319 2*1087.1176 2*1087.4078 2*1087.7026 
 2*1088.0146 2*1088.3362 2*1088.6624 2*1089.0001 2*1089.3364 2*1089.6691 
 2*1090.0021 2*1090.3208 2*1090.6184 1090.8754 1085.2021 2*1085.3910 
 2*1085.5916 2*1085.8082 2*1086.0420 2*1086.2930 2*1086.5555 2*1086.8295 
 2*1087.1127 2*1087.4039 2*1087.7039 2*1088.0045 2*1088.3069 2*1088.6104 
 2*1088.9165 2*1089.2294 2*1089.5438 2*1089.8661 2*1090.1879 2*1090.5089 
 2*1090.8325 2*1091.1466 2*1091.4460 2*1091.7213 1091.9675 1085.0966 
 2*1085.2750 2*1085.4719 2*1085.6925 2*1085.9384 2*1086.1971 2*1086.4695 
 2*1086.7466 2*1087.0266 2*1087.3123 2*1087.6033 2*1087.8962 2*1088.1825 
 2*1088.4736 2*1088.7682 2*1089.0798 2*1089.4004 2*1089.7253 2*1090.0618 
 2*1090.3972 2*1090.7294 2*1091.0620 2*1091.3807 2*1091.6782 1091.9346 
 1085.2021 2*1085.3910 2*1085.5916 2*1085.8082 2*1086.0420 2*1086.2930 
 2*1086.5555 2*1086.8295 2*1087.1127 2*1087.4039 2*1087.7039 2*1088.0045 
 2*1088.3069 2*1088.6104 2*1088.9165 2*1089.2294 2*1089.5438 2*1089.8661 
 2*1090.1879 2*1090.5089 2*1090.8325 2*1091.1466 2*1091.4460 2*1091.7213 
 1091.9675 1085.0966 2*1085.2750 2*1085.4719 2*1085.6925 2*1085.9384 
 2*1086.1971 2*1086.4695 2*1086.7466 2*1087.0266 2*1087.3123 2*1087.6033 
 2*1087.8962 2*1088.1825 2*1088.4736 2*1088.7682 2*1089.0798 2*1089.4004 
 2*1089.7253 2*1090.0618 2*1090.3972 2*1090.7294 2*1091.0620 2*1091.3807 
 2*1091.6782 1091.9346 1086.2639 2*1086.4524 2*1086.6537 2*1086.8715 
 2*1087.1060 2*1087.3573 2*1087.6196 2*1087.8932 2*1088.1761 2*1088.4675 
 2*1088.7678 2*1089.0691 2*1089.3721 2*1089.6758 2*1089.9818 2*1090.2942 
 2*1090.6079 2*1090.9294 2*1091.2505 2*1091.5713 2*1091.8949 2*1092.2090 
 2*1092.5085 2*1092.7837 1093.0291 1086.1584 2*1086.3365 2*1086.5339 
 2*1086.7556 2*1087.0020 2*1087.2607 2*1087.5323 2*1087.8086 2*1088.0881 
 2*1088.3743 2*1088.6665 2*1088.9606 2*1089.2474 2*1089.5393 2*1089.8339 
 2*1090.1449 2*1090.4646 2*1090.7883 2*1091.1233 2*1091.4580 2*1091.7898 
 2*1092.1221 2*1092.4407 2*1092.7382 1092.9939 1086.2639 2*1086.4524 
 2*1086.6537 2*1086.8715 2*1087.1060 2*1087.3573 2*1087.6196 2*1087.8932 
 2*1088.1761 2*1088.4675 2*1088.7678 2*1089.0691 2*1089.3721 2*1089.6758 
 2*1089.9818 2*1090.2942 2*1090.6079 2*1090.9294 2*1091.2505 2*1091.5713 
 2*1091.8949 2*1092.2090 2*1092.5085 2*1092.7837 1093.0291 1086.1584 
 2*1086.3365 2*1086.5339 2*1086.7556 2*1087.0020 2*1087.2607 2*1087.5323 
 2*1087.8086 2*1088.0881 2*1088.3743 2*1088.6665 2*1088.9606 2*1089.2474 
 2*1089.5393 2*1089.8339 2*1090.1449 2*1090.4646 2*1090.7883 2*1091.1233 
 2*1091.4580 2*1091.7898 2*1092.1221 2*1092.4407 2*1092.7382 1092.9939 
 1087.3257 2*1087.5137 2*1087.7158 2*1087.9347 2*1088.1700 2*1088.4216 
 2*1088.6837 2*1088.9569 2*1089.2396 2*1089.5310 2*1089.8319 2*1090.1337 
 2*1090.4374 2*1090.7412 2*1091.0471 2*1091.3590 2*1091.6721 2*1091.9927 
 2*1092.3132 2*1092.6337 2*1092.9573 2*1093.2715 2*1093.5710 2*1093.8459 
 1094.0905 1087.2203 2*1087.3981 2*1087.5959 2*1087.8187 2*1088.0657 
 2*1088.3242 2*1088.5952 2*1088.8706 2*1089.1495 2*1089.4362 2*1089.7296 
 2*1090.0249 2*1090.3124 2*1090.6050 2*1090.8995 2*1091.2100 2*1091.5287 
 2*1091.8513 2*1092.1849 2*1092.5189 2*1092.8502 2*1093.1821 2*1093.5007 
 2*1093.7981 1094.0531 1087.3257 2*1087.5137 2*1087.7158 2*1087.9347 
 2*1088.1700 2*1088.4216 2*1088.6837 2*1088.9569 2*1089.2396 2*1089.5310 
 2*1089.8319 2*1090.1337 2*1090.4374 2*1090.7412 2*1091.0471 2*1091.3590 
 2*1091.6721 2*1091.9927 2*1092.3132 2*1092.6337 2*1092.9573 2*1093.2715 
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 2*1093.5710 2*1093.8459 1094.0905 1087.2203 2*1087.3981 2*1087.5959 
 2*1087.8187 2*1088.0657 2*1088.3242 2*1088.5952 2*1088.8706 2*1089.1495 
 2*1089.4362 2*1089.7296 2*1090.0249 2*1090.3124 2*1090.6050 2*1090.8995 
 2*1091.2100 2*1091.5287 2*1091.8513 2*1092.1849 2*1092.5189 2*1092.8502 
 2*1093.1821 2*1093.5007 2*1093.7981 1094.0531 1088.3873 2*1088.5750 
 2*1088.7781 2*1088.9978 2*1089.2341 2*1089.4860 2*1089.7479 2*1090.0208 
 2*1090.3031 2*1090.5945 2*1090.8959 2*1091.1984 2*1091.5026 2*1091.8065 
 2*1092.1125 2*1092.4237 2*1092.7363 2*1093.0559 2*1093.3760 2*1093.6962 
 2*1094.0197 2*1094.3340 2*1094.6334 2*1094.9082 1095.1519 1088.2823 
 2*1088.4595 2*1088.6578 2*1088.8820 2*1089.1294 2*1089.3877 2*1089.6581 
 2*1089.9325 2*1090.2111 2*1090.4982 2*1090.7927 2*1091.0892 2*1091.3773 
 2*1091.6708 2*1091.9651 2*1092.2751 2*1092.5928 2*1092.9143 2*1093.2466 
 2*1093.5797 2*1093.9105 2*1094.2421 2*1094.5608 2*1094.8579 1095.1123 
 1088.3873 2*1088.5750 2*1088.7781 2*1088.9978 2*1089.2341 2*1089.4860 
 2*1089.7479 2*1090.0208 2*1090.3031 2*1090.5945 2*1090.8959 2*1091.1984 
 2*1091.5026 2*1091.8065 2*1092.1125 2*1092.4237 2*1092.7363 2*1093.0559 
 2*1093.3760 2*1093.6962 2*1094.0197 2*1094.3340 2*1094.6334 2*1094.9082 
 1095.1519 1088.2823 2*1088.4595 2*1088.6578 2*1088.8820 2*1089.1294 
 2*1089.3877 2*1089.6581 2*1089.9325 2*1090.2111 2*1090.4982 2*1090.7927 
 2*1091.0892 2*1091.3773 2*1091.6708 2*1091.9651 2*1092.2751 2*1092.5928 
 2*1092.9143 2*1093.2466 2*1093.5797 2*1093.9105 2*1094.2421 2*1094.5608 
 2*1094.8579 1095.1123 1089.4491 2*1089.6362 2*1089.8402 2*1090.0610 
 2*1090.2981 2*1090.5503 2*1090.8120 2*1091.0845 2*1091.3666 2*1091.6580 
 2*1091.9598 2*1092.2629 2*1092.5677 2*1092.8719 2*1093.1779 2*1093.4885 
 2*1093.8004 2*1094.1193 2*1094.4387 2*1094.7585 2*1095.0820 2*1095.3964 
 2*1095.6959 2*1095.9706 1096.2134 1089.3442 2*1089.5210 2*1089.7198 
 2*1089.9451 2*1090.1931 2*1090.4513 2*1090.7209 2*1090.9945 2*1091.2726 
 2*1091.5602 2*1091.8558 2*1092.1536 2*1092.4423 2*1092.7365 2*1093.0308 
 2*1093.3402 2*1093.6570 2*1093.9773 2*1094.3082 2*1094.6405 2*1094.9709 
 2*1095.3021 2*1095.6207 2*1095.9178 1096.1715 1089.4491 2*1089.6362 
 2*1089.8402 2*1090.0610 2*1090.2981 2*1090.5503 2*1090.8120 2*1091.0845 
 2*1091.3666 2*1091.6580 2*1091.9598 2*1092.2629 2*1092.5677 2*1092.8719 
 2*1093.1779 2*1093.4885 2*1093.8004 2*1094.1193 2*1094.4387 2*1094.7585 
 2*1095.0820 2*1095.3964 2*1095.6959 2*1095.9706 1096.2134 1089.3442 
 2*1089.5210 2*1089.7198 2*1089.9451 2*1090.1931 2*1090.4513 2*1090.7209 
 2*1090.9945 2*1091.2726 2*1091.5602 2*1091.8558 2*1092.1536 2*1092.4423 
 2*1092.7365 2*1093.0308 2*1093.3402 2*1093.6570 2*1093.9773 2*1094.3082 
 2*1094.6405 2*1094.9709 2*1095.3021 2*1095.6207 2*1095.9178 1096.1715 
 1090.3561 2*1090.5415 2*1090.7456 2*1090.9675 2*1091.2062 2*1091.4609 
 2*1091.7255 2*1092.0010 2*1092.2869 2*1092.5823 2*1092.8884 2*1093.1958 
 2*1093.5042 2*1093.8110 2*1094.1188 2*1094.4305 2*1094.7432 2*1095.0626 
 2*1095.3828 2*1095.7035 2*1096.0282 2*1096.3438 2*1096.6444 2*1096.9199 
 1097.1626 1090.2488 2*1090.4233 2*1090.6216 2*1090.8478 2*1091.0974 
 2*1091.3577 2*1091.6302 2*1091.9073 2*1092.1895 2*1092.4825 2*1092.7837 
 2*1093.0867 2*1093.3792 2*1093.6766 2*1093.9729 2*1094.2833 2*1094.6005 
 2*1094.9209 2*1095.2517 2*1095.5845 2*1095.9158 2*1096.2479 2*1096.5677 
 2*1096.8657 1097.1194 1090.3561 2*1090.5415 2*1090.7456 2*1090.9675 
 2*1091.2062 2*1091.4609 2*1091.7255 2*1092.0010 2*1092.2869 2*1092.5823 
 2*1092.8884 2*1093.1958 2*1093.5042 2*1093.8110 2*1094.1188 2*1094.4305 
 2*1094.7432 2*1095.0626 2*1095.3828 2*1095.7035 2*1096.0282 2*1096.3438 
 2*1096.6444 2*1096.9199 1097.1626 1090.2488 2*1090.4233 2*1090.6216 
 2*1090.8478 2*1091.0974 2*1091.3577 2*1091.6302 2*1091.9073 2*1092.1895 
 2*1092.4825 2*1092.7837 2*1093.0867 2*1093.3792 2*1093.6766 2*1093.9729 
 2*1094.2833 2*1094.6005 2*1094.9209 2*1095.2517 2*1095.5845 2*1095.9158 
 2*1096.2479 2*1096.5677 2*1096.8657 1097.1194 1091.2631 2*1091.4469 
 2*1091.6510 2*1091.8740 2*1092.1143 2*1092.3716 2*1092.6389 2*1092.9175 
 2*1093.2070 2*1093.5066 2*1093.8171 2*1094.1287 2*1094.4404 2*1094.7500 
 2*1095.0597 2*1095.3726 2*1095.6860 2*1096.0059 2*1096.3268 2*1096.6484 
 2*1096.9744 2*1097.2913 2*1097.5930 2*1097.8691 1098.1117 1091.1532 
 2*1091.3257 2*1091.5234 2*1091.7505 2*1092.0018 2*1092.2639 2*1092.5396 
 2*1092.8201 2*1093.1064 2*1093.4048 2*1093.7117 2*1094.0198 2*1094.3162 
 2*1094.6167 2*1094.9150 2*1095.2263 2*1095.5439 2*1095.8644 2*1096.1952 
 2*1096.5286 2*1096.8607 2*1097.1937 2*1097.5146 2*1097.8136 1098.0674 
 1091.2631 2*1091.4469 2*1091.6510 2*1091.8740 2*1092.1143 2*1092.3716 
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 2*1092.6389 2*1092.9175 2*1093.2070 2*1093.5066 2*1093.8171 2*1094.1287 
 2*1094.4404 2*1094.7500 2*1095.0597 2*1095.3726 2*1095.6860 2*1096.0059 
 2*1096.3268 2*1096.6484 2*1096.9744 2*1097.2913 2*1097.5930 2*1097.8691 
 1098.1117 1091.1532 2*1091.3257 2*1091.5234 2*1091.7505 2*1092.0018 
 2*1092.2639 2*1092.5396 2*1092.8201 2*1093.1064 2*1093.4048 2*1093.7117 
 2*1094.0198 2*1094.3162 2*1094.6167 2*1094.9150 2*1095.2263 2*1095.5439 
 2*1095.8644 2*1096.1952 2*1096.5286 2*1096.8607 2*1097.1937 2*1097.5146 
 2*1097.8136 1098.0674 1092.1700 2*1092.3523 2*1092.5564 2*1092.7806 
 2*1093.0225 2*1093.2821 2*1093.5522 2*1093.8339 2*1094.1273 2*1094.4309 
 2*1094.7458 2*1095.0615 2*1095.3767 2*1095.6890 2*1096.0006 2*1096.3146 
 2*1096.6289 2*1096.9492 2*1097.2708 2*1097.5935 2*1097.9205 2*1098.2386 
 2*1098.5415 2*1098.8184 1099.0608 1092.0576 2*1092.2281 2*1092.4252 
 2*1092.6533 2*1092.9063 2*1093.1703 2*1093.4489 2*1093.7329 2*1094.0234 
 2*1094.3271 2*1094.6395 2*1094.9528 2*1095.2531 2*1095.5569 2*1095.8573 
 2*1096.1694 2*1096.4873 2*1096.8079 2*1097.1387 2*1097.4727 2*1097.8057 
 2*1098.1395 2*1098.4617 2*1098.7615 1099.0154 1092.1700 2*1092.3523 
 2*1092.5564 2*1092.7806 2*1093.0225 2*1093.2821 2*1093.5522 2*1093.8339 
 2*1094.1273 2*1094.4309 2*1094.7458 2*1095.0615 2*1095.3767 2*1095.6890 
 2*1096.0006 2*1096.3146 2*1096.6289 2*1096.9492 2*1097.2708 2*1097.5935 
 2*1097.9205 2*1098.2386 2*1098.5415 2*1098.8184 1099.0608 1092.0576 
 2*1092.2281 2*1092.4252 2*1092.6533 2*1092.9063 2*1093.1703 2*1093.4489 
 2*1093.7329 2*1094.0234 2*1094.3271 2*1094.6395 2*1094.9528 2*1095.2531 
 2*1095.5569 2*1095.8573 2*1096.1694 2*1096.4873 2*1096.8079 2*1097.1387 
 2*1097.4727 2*1097.8057 2*1098.1395 2*1098.4617 2*1098.7615 1099.0154 
 1093.0770 2*1093.2576 2*1093.4618 2*1093.6871 2*1093.9305 2*1094.1927 
 2*1094.4657 2*1094.7504 2*1095.0476 2*1095.3552 2*1095.6744 2*1095.9944 
 2*1096.3131 2*1096.6281 2*1096.9415 2*1097.2566 2*1097.5717 2*1097.8926 
 2*1098.2148 2*1098.5385 2*1098.8667 2*1099.1860 2*1099.4900 2*1099.7677 
 1100.0100 1092.9622 2*1093.1305 2*1093.3269 2*1093.5560 2*1093.8105 
 2*1094.0767 2*1094.3582 2*1094.6458 2*1094.9403 2*1095.2495 2*1095.5674 
 2*1095.8859 2*1096.1899 2*1096.4971 2*1096.7994 2*1097.1125 2*1097.4308 
 2*1097.7515 2*1098.0822 2*1098.4166 2*1098.7505 2*1099.0853 2*1099.4087 
 2*1099.7094 1099.9633 1093.0770 2*1093.2576 2*1093.4618 2*1093.6871 
 2*1093.9305 2*1094.1927 2*1094.4657 2*1094.7504 2*1095.0476 2*1095.3552 
 2*1095.6744 2*1095.9944 2*1096.3131 2*1096.6281 2*1096.9415 2*1097.2566 
 2*1097.5717 2*1097.8926 2*1098.2148 2*1098.5385 2*1098.8667 2*1099.1860 
 2*1099.4900 2*1099.7677 1100.0100 1092.9622 2*1093.1305 2*1093.3269 
 2*1093.5560 2*1093.8105 2*1094.0767 2*1094.3582 2*1094.6458 2*1094.9403 
 2*1095.2495 2*1095.5674 2*1095.8859 2*1096.1899 2*1096.4971 2*1096.7994 
 2*1097.1125 2*1097.4308 2*1097.7515 2*1098.0822 2*1098.4166 2*1098.7505 
 2*1099.0853 2*1099.4087 2*1099.7094 1099.9633 1096.2708 2*1096.4543 
 2*1096.6636 2*1096.8914 2*1097.1340 2*1097.3899 2*1097.6528 2*1097.9258 
 2*1098.2098 2*1098.5055 2*1098.8143 2*1099.1251 2*1099.4365 2*1099.7441 
 2*1100.0510 2*1100.3585 2*1100.6656 2*1100.9778 2*1101.2915 2*1101.6066 
 2*1101.9254 2*1102.2360 2*1102.5315 2*1102.8004 1103.0352 1096.1646 
 2*1096.3375 2*1096.5397 2*1096.7729 2*1097.0244 2*1097.2823 2*1097.5503 
 2*1097.8219 2*1098.1010 2*1098.3970 2*1098.7048 2*1099.0146 2*1099.3104 
 2*1099.6117 2*1099.9072 2*1100.2136 2*1100.5234 2*1100.8352 2*1101.1544 
 2*1101.4780 2*1101.8008 2*1102.1238 2*1102.4368 2*1102.7283 1102.9739 
 1096.2708 2*1096.4543 2*1096.6636 2*1096.8914 2*1097.1340 2*1097.3899 
 2*1097.6528 2*1097.9258 2*1098.2098 2*1098.5055 2*1098.8143 2*1099.1251 
 2*1099.4365 2*1099.7441 2*1100.0510 2*1100.3585 2*1100.6656 2*1100.9778 
 2*1101.2915 2*1101.6066 2*1101.9254 2*1102.2360 2*1102.5315 2*1102.8004 
 1103.0352 1096.1646 2*1096.3375 2*1096.5397 2*1096.7729 2*1097.0244 
 2*1097.2823 2*1097.5503 2*1097.8219 2*1098.1010 2*1098.3970 2*1098.7048 
 2*1099.0146 2*1099.3104 2*1099.6117 2*1099.9072 2*1100.2136 2*1100.5234 
 2*1100.8352 2*1101.1544 2*1101.4780 2*1101.8008 2*1102.1238 2*1102.4368 
 2*1102.7283 1102.9739 1097.2710 2*1097.4547 2*1097.6649 2*1097.8922 
 2*1098.1322 2*1098.3824 2*1098.6375 2*1098.9009 2*1099.1730 2*1099.4563 
 2*1099.7529 2*1100.0513 2*1100.3529 2*1100.6533 2*1100.9581 2*1101.2676 
 2*1101.5807 2*1101.9048 2*1102.2328 2*1102.5643 2*1102.9017 2*1103.2296 
 2*1103.5403 2*1103.8217 1104.0652 1097.1676 2*1097.3422 2*1097.5460 
 2*1097.7797 2*1098.0277 2*1098.2793 2*1098.5369 2*1098.7959 2*1099.0612 
 2*1099.3414 2*1099.6333 2*1099.9281 2*1100.2100 2*1100.5021 2*1100.7924 
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 2*1101.1023 2*1101.4207 2*1101.7451 2*1102.0840 2*1102.4288 2*1102.7729 
 2*1103.1168 2*1103.4482 2*1103.7556 1104.0105 1097.2710 2*1097.4547 
 2*1097.6649 2*1097.8922 2*1098.1322 2*1098.3824 2*1098.6375 2*1098.9009 
 2*1099.1730 2*1099.4563 2*1099.7529 2*1100.0513 2*1100.3529 2*1100.6533 
 2*1100.9581 2*1101.2676 2*1101.5807 2*1101.9048 2*1102.2328 2*1102.5643 
 2*1102.9017 2*1103.2296 2*1103.5403 2*1103.8217 1104.0652 1097.1676 
 2*1097.3422 2*1097.5460 2*1097.7797 2*1098.0277 2*1098.2793 2*1098.5369 
 2*1098.7959 2*1099.0612 2*1099.3414 2*1099.6333 2*1099.9281 2*1100.2100 
 2*1100.5021 2*1100.7924 2*1101.1023 2*1101.4207 2*1101.7451 2*1102.0840 
 2*1102.4288 2*1102.7729 2*1103.1168 2*1103.4482 2*1103.7556 1104.0105 
 1098.3960 2*1098.6091 2*1098.8561 2*1099.1246 2*1099.4070 2*1099.6998 
 2*1099.9945 2*1100.2926 2*1100.5930 2*1100.8976 2*1101.2106 2*1101.5187 
 2*1101.8251 2*1102.1265 2*1102.4277 2*1102.7317 2*1103.0370 2*1103.3514 
 2*1103.6691 2*1103.9901 2*1104.3173 2*1104.6364 2*1104.9406 2*1105.2177 
 1105.4592 1098.2577 2*1098.4557 2*1098.6903 2*1098.9630 2*1099.2552 
 2*1099.5533 2*1099.8566 2*1100.1580 2*1100.4594 2*1100.7698 2*1101.0839 
 2*1101.3934 2*1101.6840 2*1101.9788 2*1102.2682 2*1102.5719 2*1102.8817 
 2*1103.1959 2*1103.5221 2*1103.8538 2*1104.1854 2*1104.5175 2*1104.8387 
 2*1105.1381 1105.3883 1098.3960 2*1098.6091 2*1098.8561 2*1099.1246 
 2*1099.4070 2*1099.6998 2*1099.9945 2*1100.2926 2*1100.5930 2*1100.8976 
 2*1101.2106 2*1101.5187 2*1101.8251 2*1102.1265 2*1102.4277 2*1102.7317 
 2*1103.0370 2*1103.3514 2*1103.6691 2*1103.9901 2*1104.3173 2*1104.6364 
 2*1104.9406 2*1105.2177 1105.4592 1098.2577 2*1098.4557 2*1098.6903 
 2*1098.9630 2*1099.2552 2*1099.5533 2*1099.8566 2*1100.1580 2*1100.4594 
 2*1100.7698 2*1101.0839 2*1101.3934 2*1101.6840 2*1101.9788 2*1102.2682 
 2*1102.5719 2*1102.8817 2*1103.1959 2*1103.5221 2*1103.8538 2*1104.1854 
 2*1104.5175 2*1104.8387 2*1105.1381 1105.3883 1100.1213 2*1100.3303 
 2*1100.5718 2*1100.8337 2*1101.1090 2*1101.3949 2*1101.6832 2*1101.9758 
 2*1102.2722 2*1102.5740 2*1102.8844 2*1103.1913 2*1103.4960 2*1103.7958 
 2*1104.0946 2*1104.3958 2*1104.6976 2*1105.0076 2*1105.3204 2*1105.6364 
 2*1105.9580 2*1106.2716 2*1106.5699 2*1106.8413 1107.0773 1099.9888 
 2*1100.1843 2*1100.4150 2*1100.6816 2*1100.9667 2*1101.2572 2*1101.5532 
 2*1101.8485 2*1102.1453 2*1102.4526 2*1102.7646 2*1103.0731 2*1103.3628 
 2*1103.6559 2*1103.9434 2*1104.2439 2*1104.5498 2*1104.8594 2*1105.1803 
 2*1105.5065 2*1105.8328 2*1106.1591 2*1106.4747 2*1106.7686 1107.0135 
 1100.1213 2*1100.3303 2*1100.5718 2*1100.8337 2*1101.1090 2*1101.3949 
 2*1101.6832 2*1101.9758 2*1102.2722 2*1102.5740 2*1102.8844 2*1103.1913 
 2*1103.4960 2*1103.7958 2*1104.0946 2*1104.3958 2*1104.6976 2*1105.0076 
 2*1105.3204 2*1105.6364 2*1105.9580 2*1106.2716 2*1106.5699 2*1106.8413 
 1107.0773 1099.9888 2*1100.1843 2*1100.4150 2*1100.6816 2*1100.9667 
2*1101.2572 2*1101.5532 2*1101.8485 2*1102.1453 2*1102.4526 2*1102.7646 
 2*1103.0731 2*1103.3628 2*1103.6559 2*1103.9434 2*1104.2439 2*1104.5498 
 2*1104.8594 2*1105.1803 2*1105.5065 2*1105.8328 2*1106.1591 2*1106.4747 
 2*1106.7686 1107.0135 1101.5280 2*1101.7130 2*1101.9276 2*1102.1619 
 2*1102.4094 2*1102.6693 2*1102.9354 2*1103.2106 2*1103.4961 2*1103.7931 
 2*1104.1039 2*1104.4167 2*1104.7317 2*1105.0447 2*1105.3593 2*1105.6780 
 2*1105.9984 2*1106.3281 2*1106.6604 2*1106.9958 2*1107.3365 2*1107.6680 
 2*1107.9819 2*1108.2671 1108.5145 1101.4258 2*1101.5994 2*1101.8041 
 2*1102.0416 2*1102.2953 2*1102.5549 2*1102.8228 2*1103.0940 2*1103.3733 
 2*1103.6696 2*1103.9779 2*1104.2886 2*1104.5859 2*1104.8907 2*1105.1926 
 2*1105.5104 2*1105.8350 2*1106.1643 2*1106.5060 2*1106.8535 2*1107.2004 
 2*1107.5475 2*1107.8823 2*1108.1936 1108.4539 1101.5280 2*1101.7130 
 2*1101.9276 2*1102.1619 2*1102.4094 2*1102.6693 2*1102.9354 2*1103.2106 
 2*1103.4961 2*1103.7931 2*1104.1039 2*1104.4167 2*1104.7317 2*1105.0447 
 2*1105.3593 2*1105.6780 2*1105.9984 2*1106.3281 2*1106.6604 2*1106.9958 
 2*1107.3365 2*1107.6680 2*1107.9819 2*1108.2671 1108.5145 1101.4258 
 2*1101.5994 2*1101.8041 2*1102.0416 2*1102.2953 2*1102.5549 2*1102.8228 
 2*1103.0940 2*1103.3733 2*1103.6696 2*1103.9779 2*1104.2886 2*1104.5859 
 2*1104.8907 2*1105.1926 2*1105.5104 2*1105.8350 2*1106.1643 2*1106.5060 
 2*1106.8535 2*1107.2004 2*1107.5475 2*1107.8823 2*1108.1936 1108.4539 
 1102.6162 2*1102.8088 2*1103.0320 2*1103.2751 2*1103.5317 2*1103.8003 
 2*1104.0745 2*1104.3564 2*1104.6472 2*1104.9482 2*1105.2615 2*1105.5750 
 2*1105.8889 2*1106.1997 2*1106.5100 2*1106.8235 2*1107.1377 2*1107.4600 
 2*1107.7844 2*1108.1118 2*1108.4443 2*1108.7681 2*1109.0752 2*1109.3542 
 211 
 
 1109.5966 1102.5054 2*1102.6860 2*1102.8989 2*1103.1455 2*1103.4091 
 2*1103.6786 2*1103.9561 2*1104.2361 2*1104.5231 2*1104.8257 2*1105.1384 
 2*1105.4517 2*1105.7498 2*1106.0527 2*1106.3516 2*1106.6638 2*1106.9817 
 2*1107.3035 2*1107.6362 2*1107.9746 2*1108.3126 2*1108.6509 2*1108.9774 
 2*1109.2813 1109.5353 1102.6162 2*1102.8088 2*1103.0320 2*1103.2751 
 2*1103.5317 2*1103.8003 2*1104.0745 2*1104.3564 2*1104.6472 2*1104.9482 
 2*1105.2615 2*1105.5750 2*1105.8889 2*1106.1997 2*1106.5100 2*1106.8235 
 2*1107.1377 2*1107.4600 2*1107.7844 2*1108.1118 2*1108.4443 2*1108.7681 
 2*1109.0752 2*1109.3542 1109.5966 1102.5054 2*1102.6860 2*1102.8989 
 2*1103.1455 2*1103.4091 2*1103.6786 2*1103.9561 2*1104.2361 2*1104.5231 
 2*1104.8257 2*1105.1384 2*1105.4517 2*1105.7498 2*1106.0527 2*1106.3516 
 2*1106.6638 2*1106.9817 2*1107.3035 2*1107.6362 2*1107.9746 2*1108.3126 
 2*1108.6509 2*1108.9774 2*1109.2813 1109.5353 1103.7046 2*1103.9048 
 2*1104.1365 2*1104.3884 2*1104.6541 2*1104.9314 2*1105.2136 2*1105.5024 
 2*1105.7985 2*1106.1035 2*1106.4189 2*1106.7333 2*1107.0463 2*1107.3546 
 2*1107.6606 2*1107.9691 2*1108.2770 2*1108.5918 2*1108.9084 2*1109.2278 
 2*1109.5522 2*1109.8683 2*1110.1683 2*1110.4413 1110.6786 1103.5850 
 2*1103.7727 2*1103.9937 2*1104.2493 2*1104.5227 2*1104.8022 2*1105.0892 
 2*1105.3782 2*1105.6729 2*1105.9818 2*1106.2991 2*1106.6147 2*1106.9135 
 2*1107.2146 2*1107.5105 2*1107.8171 2*1108.1283 2*1108.4426 2*1108.7666 
 2*1109.0958 2*1109.4248 2*1109.7542 2*1110.0725 2*1110.3689 1110.6167 
 1103.7046 2*1103.9048 2*1104.1365 2*1104.3884 2*1104.6541 2*1104.9314 
 2*1105.2136 2*1105.5024 2*1105.7985 2*1106.1035 2*1106.4189 2*1106.7333 
 2*1107.0463 2*1107.3546 2*1107.6606 2*1107.9691 2*1108.2770 2*1108.5918 
 2*1108.9084 2*1109.2278 2*1109.5522 2*1109.8683 2*1110.1683 2*1110.4413 
 1110.6786 1103.5850 2*1103.7727 2*1103.9937 2*1104.2493 2*1104.5227 
 2*1104.8022 2*1105.0892 2*1105.3782 2*1105.6729 2*1105.9818 2*1106.2991 
 2*1106.6147 2*1106.9135 2*1107.2146 2*1107.5105 2*1107.8171 2*1108.1283 
 2*1108.4426 2*1108.7666 2*1109.0958 2*1109.4248 2*1109.7542 2*1110.0725 
 2*1110.3689 1110.6167 1104.7930 2*1105.0007 2*1105.2410 2*1105.5018 
 2*1105.7764 2*1106.0625 2*1106.3527 2*1106.6484 2*1106.9497 2*1107.2587 
 2*1107.5765 2*1107.8916 2*1108.2036 2*1108.5095 2*1108.8113 2*1109.1147 
 2*1109.4163 2*1109.7236 2*1110.0326 2*1110.3439 2*1110.6602 2*1110.9685 
 2*1111.2615 2*1111.5283 1111.7606 1104.6647 2*1104.8594 2*1105.0884 
 2*1105.3531 2*1105.6365 2*1105.9260 2*1106.2224 2*1106.5204 2*1106.8226 
 2*1107.1379 2*1107.4597 2*1107.7780 2*1108.0771 2*1108.3765 2*1108.6693 
 2*1108.9705 2*1109.2749 2*1109.5819 2*1109.8969 2*1110.2170 2*1110.5371 
 2*1110.8575 2*1111.1675 2*1111.4564 1111.6982 1104.7930 2*1105.0007 
 2*1105.2410 2*1105.5018 2*1105.7764 2*1106.0625 2*1106.3527 2*1106.6484 
 2*1106.9497 2*1107.2587 2*1107.5765 2*1107.8916 2*1108.2036 2*1108.5095 
 2*1108.8113 2*1109.1147 2*1109.4163 2*1109.7236 2*1110.0326 2*1110.3439 
 2*1110.6602 2*1110.9685 2*1111.2615 2*1111.5283 1111.7606 1104.6647 
 2*1104.8594 2*1105.0884 2*1105.3531 2*1105.6365 2*1105.9260 2*1106.2224 
 2*1106.5204 2*1106.8226 2*1107.1379 2*1107.4597 2*1107.7780 2*1108.0771 
 2*1108.3765 2*1108.6693 2*1108.9705 2*1109.2749 2*1109.5819 2*1109.8969 
 2*1110.2170 2*1110.5371 2*1110.8575 2*1111.1675 2*1111.4564 1111.6982 
 1105.8812 2*1106.0966 2*1106.3453 2*1106.6151 2*1106.8987 2*1107.1935 
 2*1107.4917 2*1107.7943 2*1108.1008 2*1108.4138 2*1108.7341 2*1109.0498 
 2*1109.3608 2*1109.6646 2*1109.9620 2*1110.2603 2*1110.5555 2*1110.8555 
 2*1111.1566 2*1111.4598 2*1111.7679 2*1112.0686 2*1112.3547 2*1112.6155 
 1112.8427 1105.7443 2*1105.9460 2*1106.1832 2*1106.4570 2*1106.7502 
 2*1107.0497 2*1107.3557 2*1107.6625 2*1107.9724 2*1108.2941 2*1108.6202 
 2*1108.9410 2*1109.2410 2*1109.5385 2*1109.8282 2*1110.1239 2*1110.4216 
 2*1110.7211 2*1111.0271 2*1111.3381 2*1111.6493 2*1111.9609 2*1112.2626 
 2*1112.5441 1112.7797 1105.8812 2*1106.0966 2*1106.3453 2*1106.6151 
 2*1106.8987 2*1107.1935 2*1107.4917 2*1107.7943 2*1108.1008 2*1108.4138 
 2*1108.7341 2*1109.0498 2*1109.3608 2*1109.6646 2*1109.9620 2*1110.2603 
 2*1110.5555 2*1110.8555 2*1111.1566 2*1111.4598 2*1111.7679 2*1112.0686 
 2*1112.3547 2*1112.6155 1112.8427 1105.7443 2*1105.9460 2*1106.1832 
 2*1106.4570 2*1106.7502 2*1107.0497 2*1107.3557 2*1107.6625 2*1107.9724 
 2*1108.2941 2*1108.6202 2*1108.9410 2*1109.2410 2*1109.5385 2*1109.8282 
 2*1110.1239 2*1110.4216 2*1110.7211 2*1111.0271 2*1111.3381 2*1111.6493 
 2*1111.9609 2*1112.2626 2*1112.5441 1112.7797 1108.6897 2*1108.8615 
 2*1109.0602 2*1109.2761 2*1109.5056 2*1109.7476 2*1109.9982 2*1110.2596 
 212 
 
 2*1110.5350 2*1110.8240 2*1111.1278 2*1111.4347 2*1111.7416 2*1112.0448 
 2*1112.3446 2*1112.6469 2*1112.9467 2*1113.2521 2*1113.5585 2*1113.8669 
 2*1114.1802 2*1114.4850 2*1114.7740 2*1115.0361 1115.2634 1108.5829 
 2*1108.7469 2*1108.9392 2*1109.1605 2*1109.3965 2*1109.6379 2*1109.8889 
 2*1110.1476 2*1110.4166 2*1110.7076 2*1111.0126 2*1111.3197 2*1111.6135 
 2*1111.9086 2*1112.1995 2*1112.4983 2*1112.8004 2*1113.1053 2*1113.4174 
 2*1113.7349 2*1114.0525 2*1114.3707 2*1114.6780 2*1114.9640 1115.2025 
 1108.6897 2*1108.8615 2*1109.0602 2*1109.2761 2*1109.5056 2*1109.7476 
 2*1109.9982 2*1110.2596 2*1110.5350 2*1110.8240 2*1111.1278 2*1111.4347 
 2*1111.7416 2*1112.0448 2*1112.3446 2*1112.6469 2*1112.9467 2*1113.2521 
 2*1113.5585 2*1113.8669 2*1114.1802 2*1114.4850 2*1114.7740 2*1115.0361 
 1115.2634 1108.5829 2*1108.7469 2*1108.9392 2*1109.1605 2*1109.3965 
 2*1109.6379 2*1109.8889 2*1110.1476 2*1110.4166 2*1110.7076 2*1111.0126 
 2*1111.3197 2*1111.6135 2*1111.9086 2*1112.1995 2*1112.4983 2*1112.8004 
 2*1113.1053 2*1113.4174 2*1113.7349 2*1114.0525 2*1114.3707 2*1114.6780 
 2*1114.9640 1115.2025 1110.8727 2*1111.0161 2*1111.1830 2*1111.3649 
 2*1111.5603 2*1111.7700 2*1111.9924 2*1112.2310 2*1112.4916 2*1112.7715 
 2*1113.0712 2*1113.3809 2*1113.6946 2*1114.0071 2*1114.3187 2*1114.6342 
 2*1114.9480 2*1115.2684 2*1115.5898 2*1115.9133 2*1116.2418 2*1116.5613 
 2*1116.8643 2*1117.1396 1117.3793 1110.7731 2*1110.9127 2*1111.0762 
 2*1111.2639 2*1111.4630 2*1111.6680 2*1111.8854 2*1112.1155 2*1112.3619 
 2*1112.6382 2*1112.9360 2*1113.2423 2*1113.5411 2*1113.8436 2*1114.1453 
 2*1114.4568 2*1114.7725 2*1115.0920 2*1115.4196 2*1115.7529 2*1116.0867 
 2*1116.4211 2*1116.7444 2*1117.0457 1117.2990 1110.8727 2*1111.0161 
 2*1111.1830 2*1111.3649 2*1111.5603 2*1111.7700 2*1111.9924 2*1112.2310 
 2*1112.4916 2*1112.7715 2*1113.0712 2*1113.3809 2*1113.6946 2*1114.0071 
 2*1114.3187 2*1114.6342 2*1114.9480 2*1115.2684 2*1115.5898 2*1115.9133 
 2*1116.2418 2*1116.5613 2*1116.8643 2*1117.1396 1117.3793 1110.7731 
 2*1110.9127 2*1111.0762 2*1111.2639 2*1111.4630 2*1111.6680 2*1111.8854 
 2*1112.1155 2*1112.3619 2*1112.6382 2*1112.9360 2*1113.2423 2*1113.5411 
 2*1113.8436 2*1114.1453 2*1114.4568 2*1114.7725 2*1115.0920 2*1115.4196 
 2*1115.7529 2*1116.0867 2*1116.4211 2*1116.7444 2*1117.0457 1117.2990 
 1112.3400 2*1112.5221 2*1112.7316 2*1112.9581 2*1113.1986 2*1113.4515 
 2*1113.7136 2*1113.9867 2*1114.2739 2*1114.5750 2*1114.8893 2*1115.2068 
 2*1115.5226 2*1115.8333 2*1116.1376 2*1116.4434 2*1116.7445 2*1117.0494 
 2*1117.3544 2*1117.6608 2*1117.9717 2*1118.2742 2*1118.5614 2*1118.8224 
 1119.0496 1112.2269 2*1112.3998 2*1112.6014 2*1112.8324 2*1113.0784 
 2*1113.3304 2*1113.5931 2*1113.8634 2*1114.1460 2*1114.4510 2*1114.7695 
 2*1115.0894 2*1115.3947 2*1115.6969 2*1115.9944 2*1116.2954 2*1116.5977 
 2*1116.9016 2*1117.2102 2*1117.5242 2*1117.8385 2*1118.1534 2*1118.4583 
 2*1118.7426 1118.9811 
**Refine key words: 
Refine 1:24    1:1     1:12    
             5          1      5 
**$ Property: Permeability (md) : 
PERMI ALL   
 
 
2.062272 1.483366 2.098597 3.417486 1.451062 1.28007 1.371412 1.735004 
 
 
1.371487 1.346662 0.7133713 2.468077 1.923999 1.503867 1.482274 2.832362 
 
1.729077 2.90249 1.501329 1.70558 1.189322 3.116009 1.176152 1.835312 
 
2.245278 1.202836 1.134623 2.468214 0.7866774 3.093661 2.496426 0.9223853 
 
1.118622 1.896203 1.497401 1.892402 3.125422 2.106687 2.445157 0.7716071 
 
0.799381 0.6323105 0.6125621 1.252411 1.239162 1.284659 1.368895 1.41202 
 
0.6414441 1.408685 1.165218 1.525241 2.137685 1.969425 0.8025827 1.061196 
 
3.043345 1.370511 1.600171 1.043187 2.468573 1.560684 2.781182 1.737014 
 
1.098399 1.236558 0.7960384 1.273538 0.783576 1.787453 1.366097 1.296781 
 
3.674527 1.252411 3.156938 2.04876 3.506938 2.540571 1.781171 1.746928 
 
2.470164 0.9762495 1.814693 1.704767 1.074742 1.082737 2.430098 3.286865 
 
1.657275 2.709278 1.685079 1.073995 0.7613918 0.5941749 4.587596 1.123374 
 213 
 
 
5.002405 2.91616 1.884029 1.430397 4.065362 1.297953 2.00027 2.677447 
 
1.886173 1.667692 1.861188 1.46071 2.67899 2.719289 3.219063 1.749147 
 
1.970986 3.403264 2.375407 1.659741 3.747905 1.770581 1.468116 3.598158 
 
1.585282 2.650885 3.348625 1.257761 4.132367 2.719562 4.842239 1.688443 
 
1.835733 3.718472 2.647243 2.902274 1.299606 4.279388 3.520774 2.276117 
 
2.717695 4.111087 3.502762 3.426019 3.130908 1.994321 2.136279 3.105592 
 
3.269119 2.01985 1.96513 1.500015 1.399874 1.499851 3.720206 3.94705 
 
3.393888 3.133043 2.229268 3.469214 1.924784 1.954946 2.410732 1.917031 
 
3.08593 1.935798 1.840061 2.635952 4.928516 3.123751 2.186938 3.811368 
 
2.121939 1.994828 3.495835 2.142073 3.386434 2.67726 1.401399 1.489674 
 
4.000031 1.514206 1.525626 1.861866 1.843101 1.862573 1.971851 1.824156 
 
2.679956 6.196886 2.127564 3.135403 3.863082 3.151772 2.836784 6.704479 
 
2.135842 4.035475 1.970893 1.437683 2.381385 2.114008 6.704479 2.637792 
 
1.762547 1.334273 1.141091 4.076794 3.551738 1.684836 1.972394 1.99635 
 
3.964837 3.586189 1.266405 3.371032 1.432241 1.725053 2.3332 1.417679 
 
3.133929 1.659029 3.101241 1.593618 2.38536 1.432103 1.762078 2.277572 
 
1.444125 3.709767 1.970928 3.555946 2.276022 3.205317 1.359652 2.877991 
 
1.496135 1.527798 3.439406 2.631495 3.212281 4.255848 3.729306 2.321401 
 
1.343321 1.043298 1.360646 2.171113 1.026955 0.8767874 0.9635121 1.197793 
 
0.9633738 0.9117555 0.6201181 1.647019 1.325065 1.064766 1.046201 
 
 
1.926119 1.183091 1.935569 1.062321 1.175741 0.8119523 2.017398 0.8037153 
 
1.27903 1.578414 0.8287432 0.7746902 1.645947 0.6401544 2.013877 1.661253 
 
0.6873379 0.7499115 1.322701 1.056368 1.322516 2.024098 1.360724 1.633518 
 
0.627646 0.6669671 0.5257988 0.4547891 0.8478554 0.8443846 0.8754531 
 
 
0.953285 0.9799283 0.5433339 0.9807878 0.7949421 1.080484 1.433584 
 
 
1.329733 0.6822135 0.7256125 1.941666 0.9536921 1.10987 0.7236043 
 
 
1.647064 1.081461 1.935727 1.214324 0.7479423 0.845557 0.6433071 0.8744023 
 
0.6331981 1.247091 0.9612578 0.8759707 2.220863 0.8484692 2.042398 
 
 
1.339777 2.189167 1.683757 1.23557 1.221473 1.647073 0.7001389 1.251049 
 
1.174133 0.7386084 0.7480125 1.628743 2.138796 1.163528 1.883244 1.164738 
 
0.7322316 0.6249517 0.3888572 2.440578 0.7510822 3.555039 2.980195 
 
 
5.438073 4.437236 2.12936 4.430665 5.444531 4.848934 2.397723 3.451991 
 
1.412122 2.429717 3.257872 4.52258 3.032517 1.963825 2.127927 3.555417 
 
3.483448 2.270859 3.076077 1.589525 5.310696 2.181323 2.868613 2.439224 
 
4.186691 3.812914 1.960922 3.706676 4.202298 3.840214 2.085252 2.778291 
 
1.20579 2.110537 2.63762 3.829778 2.473473 1.853334 1.960338 2.869108 
 
2.801008 2.017491 2.505102 1.423343 3.886761 1.981933 6.957998 6.694946 
 
10.6917 7.87561 5.195723 7.794978 10.80629 8.154236 5.626941 6.921803 
 
3.394193 5.718838 6.908243 7.942517 6.880802 4.949291 5.19243 6.958429 
 
6.923928 5.52001 6.894818 4.090487 8.640787 5.314954 7.7557 5.477354 
 
11.59218 10.7393 4.529234 9.352568 11.60809 11.08793 4.931708 7.358431 
 
3.001408 5.029225 6.458001 10.96679 5.504929 4.348171 4.527125 7.756079 
 
7.510516 4.735258 5.673609 3.602437 11.27893 4.605368 4.4574 4.278306 
 
5.769625 4.865572 3.832856 4.855448 5.803752 4.962148 3.986661 4.412199 
 
3.352579 4.007527 4.362561 4.887027 4.301364 3.767978 3.832561 4.457767 
 
4.42003 3.861091 4.313866 3.432938 5.128371 3.843412 6.866061 6.248539 
 214 
 
 
6.930614 7.912725 6.178426 5.968454 6.113822 6.426877 6.114055 6.044056 
 
4.610328 7.273777 6.701236 6.276633 6.23958 7.799903 6.425441 7.807517 
 
6.273738 6.416549 5.888203 7.839987 5.87981 6.579837 7.108403 5.89931 
 
5.651763 7.278039 4.95609 7.834442 7.576042 5.224037 5.596246 6.69142 
 
6.270085 6.686077 7.847178 6.948444 7.244446 4.804038 4.965505 4.541774 
 
3.566447 5.932427 5.92388 5.982656 6.108845 6.131267 4.550406 6.129782 
 
5.868515 6.361175 7.02759 6.726706 4.967041 5.458022 7.825103 6.11329 
 
6.364049 5.331008 7.289115 6.362911 7.790037 6.426363 5.593264 5.919856 
 
4.964801 5.961297 4.953718 6.458294 6.08835 6.003977 8.013276 5.932015 
 
7.876955 6.795509 7.925311 7.596343 6.44832 6.429353 7.382245 5.292942 
 
6.474073 6.414259 5.544855 5.590044 7.21887 7.893465 6.3827 7.745414 
 
6.390571 5.54112 4.661981 2.674246 8.431962 5.596554 4.47825 4.297685 
 
6.041371 5.045636 3.851372 4.8839 6.071711 5.232688 4.037049 4.439604 
 
3.048776 4.073672 4.379062 5.101901 4.305784 3.74491 3.850889 4.478467 
 
4.449168 3.897909 4.319815 3.173422 5.466045 3.868747 3.534161 3.194626 
 
6.795837 4.994246 2.977546 4.9245 6.877969 5.100622 3.008369 3.433027 
 
2.258638 3.020546 3.329237 5.023947 3.206082 2.950281 2.977386 3.535017 
 
3.449585 2.992927 3.22937 2.408569 5.345819 2.983301 3.760099 3.597599 
 
8.285063 7.140808 2.521934 6.642456 8.319347 7.380678 3.174941 3.687125 
 
1.707379 3.233776 3.64858 7.244705 3.601815 2.346614 2.519312 3.760914 
 
3.693203 2.785464 3.610739 1.875878 7.628994 2.617635 
   
PERMJ=PERMI 
PERMK=PERMI 
 
PVCUTOFF 0 
**$ Property: NULL Blocks  Max: 1  Min: 1 
**$  0 = null block, 1 = active block 
NULL CON            1 
**$ Property: Porosity  Max: 0.313124  Min: 0.178245 
POR ALL  
0.2424678 0.2420173 0.2413073 0.2411677 0.2415448 0.2423563 0.2424869 
 
 0.2438322 0.2441062 0.2454127 0.246531 0.2484567 0.2498208 0.2516125 
 0.2530652 0.2580506 0.2589382 0.2594458 0.2618084 0.267579 0.271085 
 0.2729805 0.2770757 0.2800986 0.2424851 0.242354 0.2417587 0.2417153 
 0.2422084 0.2424613 0.2433458 0.2439723 0.2451851 0.2460381 0.2477675 
 0.2495528 0.2513845 0.2525005 0.2552706 0.2584522 0.2590462 0.2613345 
 0.2639309 0.2698247 0.2717102 0.2740718 0.2779237 0.2820055 0.2439467 
 0.242935 0.2424798 0.2424747 0.2426865 0.2437405 0.2439771 0.2451298 
 0.2458436 0.2473403 0.2492062 0.2504483 0.2517161 0.2532178 0.2581232 
 0.2589672 0.2594424 0.2617911 0.2665605 0.2709214 0.2724635 0.2759074 
 0.2789442 0.28464 0.2451494 0.244033 0.2439621 0.2439579 0.2439745 
 0.2445384 0.245395 0.2461124 0.2474598 0.2491097 0.2500784 0.251614 
 0.2529649 0.2567769 0.2585725 0.2590682 0.2611457 0.2632369 0.2689811 
 0.2711966 0.273096 0.2770527 0.279893 0.2866687 0.269478 0.2684219 
 0.2658395 0.265626 0.2659638 0.2685811 0.2694679 0.2735939 0.2747308 
 0.2759684 0.2780342 0.282735 0.2832102 0.2842082 0.2850012 0.2882014 
 0.2927554 0.2947651 0.2960631 0.29978 0.3019677 0.3060147 0.3097254 
 0.3119825 0.2683602 0.2656154 0.2651429 0.2649213 0.2653793 0.2657126 
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 0.268666 0.2694849 0.273984 0.2752907 0.2766907 0.2791047 0.2831267 
 0.2838574 0.2845339 0.2861418 0.2897957 0.2943321 0.2959842 0.2981046 
 0.3010039 0.3052846 0.308944 0.3118699 0.2656232 0.264729 0.264254 
 0.2642398 0.2643026 0.2653952 0.2660645 0.2691282 0.2735057 0.2746893 
 0.2760746 0.2784476 0.2828725 0.2833345 0.2842478 0.2852154 0.2892155 
 0.2935482 0.295514 0.296214 0.3005699 0.3034612 0.307356 0.3113849 
 0.2655297 0.2642834 0.2642362 0.2642356 0.2642562 0.2651291 0.2658196 
 0.2689469 0.2726634 0.2745954 0.2759753 0.2782989 0.2828639 0.2832901 
 0.2842231 0.2850898 0.2884863 0.2928348 0.2948268 0.296068 0.2999005 
 0.3021885 0.3061627 0.3100012 0.2643046 0.2642187 0.2639845 0.2640369 
 0.2642343 0.2643223 0.2656164 0.2686825 0.2708545 0.2744801 0.2758817 
 0.278248 0.2828637 0.2832929 0.2842229 0.2850672 0.2881636 0.2922211 
 0.2944763 0.2960406 0.2990506 0.3012796 0.3055663 0.3090877 0.2641873 
 0.2633546 0.2631203 0.2631833 0.2635108 0.2642354 0.2650231 0.2660864 
 0.2694483 0.273836 0.275362 0.2771194 0.2808754 0.2831731 0.2841745 
 0.2847666 0.2863796 0.2897918 0.2942008 0.2959382 0.296957 0.3007008 
 0.3040139 0.3077709 0.2008756 0.2007165 0.20078 0.201274 0.2034753 
 0.2051124 0.207651 0.2115243 0.2149688 0.2171243 0.2212549 0.2235647 
 0.2250466 0.2282419 0.2283525 0.2285836 0.2289782 0.2295654 0.2334396 
 0.237283 0.2389343 0.2399287 0.2404547 0.2421616 0.2005865 0.2002333 
 0.200387 0.2008168 0.2025211 0.2041195 0.2070754 0.2108145 0.2143994 
 0.2168864 0.2209307 0.2221428 0.2245576 0.2274083 0.228298 0.22845 
 0.2287945 0.229131 0.2304764 0.2365606 0.2384003 0.2398121 0.2404541 
 0.2417881 0.1996628 0.199488 0.1995307 0.2001247 0.2010163 0.2034935 
 0.2053501 0.2081625 0.2120689 0.2152957 0.2171454 0.2213009 0.223591 
 0.2249501 0.2281175 0.2282971 0.2284148 0.2287114 0.229086 0.2303887 
 0.2368726 0.2389747 0.2401284 0.2407825 0.1995184 0.1993419 0.1993721 
 0.199658 0.2007585 0.2031152 0.2047001 0.2075561 0.2111674 0.2144437 
 0.2169221 0.2208764 0.2218546 0.2241359 0.225351 0.2282431 0.228322 
 0.228455 0.2287943 0.2291788 0.2337513 0.2379167 0.2397785 0.2404543 
 0.211897 0.2102085 0.2095745 0.2100334 0.2116111 0.2142246 0.2155925 
 0.2172757 0.2190772 0.2206781 0.2228976 0.2261014 0.2294812 0.2321611 
 0.2335187 0.2345602 0.2356475 0.2374423 0.2405763 0.2449413 0.2516342 
 0.2553107 0.2577599 0.2621336 0.1784874 0.1782449 0.1787902 0.1803304 
 0.1830885 0.1872287 0.1928427 0.195992 0.1995314 0.202545 0.2056295 
 0.2092511 0.2115363 0.2130236 0.2144579 0.2176705 0.2180796 0.2229989 
 0.2308281 0.2372155 0.241118 0.2437869 0.244841 0.2452926 0.2462624 
 0.2444447 0.243193 0.2437794 0.2460705 0.2466464 0.247349 0.2486048 
 0.2500953 0.2524749 0.2554939 0.2572773 0.257445 0.2582864 0.2598973 
 0.2604009 0.2606015 0.2669785 0.2713701 0.274068 0.2758977 0.2793739 
 0.2804774 0.2840359 0.2535797 0.2523875 0.2512458 0.2513655 0.2526834 
 0.2536555 0.2547219 0.2559354 0.2572478 0.2594853 0.2611662 0.2622102 
 0.2638094 0.2651263 0.2659213 0.2663436 0.2674857 0.2808261 0.2851416 
 0.2866336 0.2904801 0.2967864 0.3011124 0.3020762 0.2435373 0.2428062 
 0.2426733 0.2432146 0.2451248 0.2485525 0.2530441 0.2546958 0.2552646 
 0.2576224 0.259699 0.2610924 0.264431 0.2661596 0.26741 0.2689405 
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 0.2713712 0.2745427 0.2777391 0.2820836 0.2886879 0.2895333 0.2921169 
 0.2930513 0.2653866 0.2639443 0.2636397 0.2637058 0.2640957 0.2669948 
 0.270684 0.2725163 0.2768452 0.2772296 0.2779737 0.2792231 0.2811086 
 0.2823361 0.2848385 0.2867799 0.2875769 0.2885363 0.2928175 0.2947784 
 0.2993287 0.3044205 0.3100146 0.3131238 0.2642809 0.2637196 0.2634262 
 0.2635137 0.263947 0.2658423 0.270311 0.2719771 0.2767645 0.2771624 
 0.2778928 0.2790355 0.2808901 0.2822704 0.2847555 0.2867786 0.2875187 
 0.2885062 0.292787 0.2946604 0.2993009 0.3042176 0.3098897 0.3130948 
 0.2642281 0.2636545 0.2633596 0.2634431 0.2638838 0.2652838 0.2700765 
 0.2716418 0.2767075 0.2771083 0.2778173 0.2788371 0.2806223 0.2821762 
 0.2845909 0.2867758 0.2873691 0.2884093 0.2926652 0.2943373 0.2992124 
 0.3033247 0.3094649 0.3129686 0.2641589 0.2635668 0.2632709 0.2633541 
 0.263808 0.264737 0.2698918 0.2714487 0.2766875 0.2771016 0.2778244 
 0.2788942 0.2807404 0.2822265 0.2846927 0.2867772 0.2874303 0.2884353 
 0.2926789 0.2943323 0.2992066 0.3032656 0.3094569 0.3129062 0.2187191 
 0.2123884 0.2088836 0.2080516 0.2083182 0.209661 0.2125868 0.2162845 
 0.2206386 0.2245465 0.2256182 0.2268291 0.2291425 0.2319342 0.2335817 
 0.2348835 0.2370774 0.2392832 0.2411114 0.2433569 0.2450707 0.2465759 
 0.2515478 0.2558413 0.2155577 0.2134647 0.2129658 0.2143059 0.2175719 
 0.2189832 0.2194402 0.2199279 0.2203954 0.2206862 0.220898 0.2210156 
 0.2212324 0.2214829 0.2219007 0.2224239 0.2228808 0.2231782 0.2233315 
 0.2235078 0.2238628 0.2244578 0.2260699 0.2290431 0.2090389 0.2082731 
 0.2081404 0.2087433 0.2101258 0.2105724 0.2107103 0.2108688 0.212626 
 0.2158327 0.218954 0.2202173 0.221856 0.2256018 0.229097 0.2318229 
 0.233581 0.2347161 0.2353703 0.2371035 0.2382361 0.2389717 0.2433996 
 0.2541969 
       
**$ Property: Net to Gross Ratio  Max: 1  Min: 1 
NETGROSS CON            1 
**$ Property: Pinchout Array  Max: 1  Min: 1 
**$  0 = pinched block, 1 = active block 
PINCHOUTARRAY CON            1 
 
END-GRID 
 
**=========================================================== 
**THE FOLLOWING KEYWORDS CAN BE USED IN THE INITIALIZATION SECTION IN STARS    
**=========================================================== 
** MFRAC_OIL 'CO2     ' CON  2.3000E-03 
** MFRAC_OIL 'C3H8    ' CON  1.9500E-02 
** MFRAC_OIL 'N2 toNC4' CON  1.8980E-01 
** MFRAC_OIL 'IC5toC8 ' CON  1.3190E-01 
** MFRAC_OIL 'C9 toC11' CON  7.8000E-02 
** MFRAC_OIL 'Fraction' CON  5.7850E-01 
**=========================================================== 
** THE FOLLOWING SECTION CAN BE USED FOR THE COMPONENT PROPERTY INPUT INTO STARS 
**=========================================================== 
** PVT UNITS CONSISTENT WITH *INUNIT *SI    
**$ Model and number of components 
MODEL 8 8 7 1 
COMPNAME 'WATER' 'CO2' 'C3H8' 'N2 toNC4' 'IC5toC8' 'C9 toC11' 'Fraction' 'CH4'  
**            --------   --------   --------   --------   --------   --------   -------- 
CMM 
0 0.044 0.0441 0.0307 0.0853 0.1346 0.485 0.016043  
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PCRIT 
0 7376.46 4245.52 5478.03 3537.56 1526.77 1456.86 4600  
TCRIT 
0.00 31.05 96.65 -23.18 357.09 468.85 676.86 -82.55  
KV1 
0 5.323e+006 2.07e+006 2.41e+006 5.222e+006 9.369e+006 1.265e+007  
KV2 
0 0 0 0 0 0 0  
KV3 
0 0 0 0 0 0 0  
KV4 
0 -2002.1 -2288.8 -1521.5 -4599 -6471.7 -8615.4  
KV5 
0 -273.15 -273.15 -273.15 -273.15 -273.15 -273.15  
KVTABLIM 101.32 10601 15 215  
**               Pressure,    kPa 
** T, deg C    1.0132E+02  1.6013E+03  3.1013E+03  4.6013E+03  6.1013E+03  7.6013E+03  9.1013E+03  1.0601E+04 
**   15.000                                                                                                     
**   65.000                                                                                                     
**  115.000                                                                                                     
**  165.000                                                                                                     
**  215.000                                                                                                     
**$ Gas-liquid K Value tables 
KVTABLE 'CO2' 
**$                                                                                 
       34.288    2.4236    1.4059    1.0715   0.92157   0.85317   0.83242   0.84182 
       72.746    4.9609    2.7653    2.0137    1.6419    1.4256    1.2882    1.1964 
       119.52    7.9803    4.3538    3.1002    2.4693    2.0925     1.844    1.6693 
       166.67    10.969    5.9101    4.1557    3.2682    2.7342    2.3789    2.1264 
        208.1    13.515    7.2276    5.0445     3.938    3.2706    2.8251    2.5072 
**               Pressure,    kPa 
** T, deg C    1.0132E+02  1.6013E+03  3.1013E+03  4.6013E+03  6.1013E+03  7.6013E+03  9.1013E+03  1.0601E+04 
**   15.000                                                                                                     
**   65.000                                                                                                     
**  115.000                                                                                                     
**  165.000                                                                                                     
**  215.000                                                                                                     
**$ Gas-liquid K Value tables 
KVTABLE 'C3H8' 
**$                                                                                 
       13.717    1.0909   0.71906   0.62982    0.6319   0.69471   0.81637   0.98841 
       33.065    2.4442    1.4795    1.1706    1.0371   0.97783   0.95802   0.96203 
       60.203    4.2432    2.4524    1.8479    1.5553    1.3905    1.2905    1.2279 
       91.642    6.2334    3.5039    2.5673    2.1011    1.8268    1.6493    1.5275 
          123    8.1518    4.5013    3.2415    2.6081      2.23    1.9809    1.8058 
**               Pressure,    kPa 
** T, deg C    1.0132E+02  1.6013E+03  3.1013E+03  4.6013E+03  6.1013E+03  7.6013E+03  9.1013E+03  1.0601E+04 
**   15.000                                                                                                     
**   65.000                                                                                                     
**  115.000                                                                                                     
**  165.000                                                                                                     
**  215.000                                                                                                     
**$ Gas-liquid K Value tables 
KVTABLE 'N2 toNC4' 
**$                                                                                 
       123.05    8.3985    4.6947     3.432    2.8139    2.4626    2.2474    2.1063 
       191.68    12.791    6.9808    4.9728    3.9621    3.3581    2.9595    2.6786 
       253.53    16.653    8.9605    6.2921    4.9411    4.1269    3.5839    3.1966 
       302.25    19.573    10.442     7.271    5.6626    4.6912    4.0415    3.5767 
       335.62    21.413    11.362     7.872     6.101    5.0305     4.314    3.8009 
**               Pressure,    kPa 
** T, deg C    1.0132E+02  1.6013E+03  3.1013E+03  4.6013E+03  6.1013E+03  7.6013E+03  9.1013E+03  1.0601E+04 
**   15.000                                                                                                     
**   65.000                                                                                                     
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**  115.000                                                                                                     
**  165.000                                                                                                     
**  215.000                                                                                                     
**$ Gas-liquid K Value tables 
KVTABLE 'IC5toC8' 
**$                                                                                     
     0.011531  0.0013941  0.0014438  0.0020812  0.003654  0.0076011  0.018281  0.046468 
      0.12734   0.012407  0.0099292    0.01044  0.012348   0.015588  0.020451  0.027409 
      0.69461   0.059181   0.041388   0.037655  0.038188   0.041026  0.045599  0.051741 
       2.4105    0.18766    0.12111    0.10156  0.094835   0.093788  0.096013   0.10049 
       6.0757      0.449    0.27534    0.21947   0.19491    0.18345   0.17891    0.1786 
**               Pressure,    kPa 
** T, deg C    1.0132E+02  1.6013E+03  3.1013E+03  4.6013E+03  6.1013E+03  7.6013E+03  9.1013E+03  1.0601E+04 
**   15.000                                                                                                     
**   65.000                                                                                                     
**  115.000                                                                                                     
**  165.000                                                                                                     
**  215.000                                                                                                     
**$ Gas-liquid K Value tables 
KVTABLE 'C9 toC11' 
**$                                                                                                    
     5.8309e-006   1.442e-006  3.1615e-006  1.012e-005  4.1856e-005  0.00021823   0.0013492   0.008076 
      0.00036299  5.6471e-005  7.1647e-005   0.0001189   0.00022043  0.00043136  0.00086291  0.0017237 
       0.0067413   0.00079208    0.0007556  0.00092773    0.0012559     0.00178   0.0025764  0.0037541 
        0.057919    0.0056692    0.0045646   0.0047278    0.0054018   0.0064762   0.0079624   0.009915 
         0.29055     0.025555     0.018465    0.017198      0.01771    0.019193    0.021403    0.02427 
**               Pressure,    kPa 
** T, deg C    1.0132E+02  1.6013E+03  3.1013E+03  4.6013E+03  6.1013E+03  7.6013E+03  9.1013E+03  1.0601E+04 
**   15.000                                                                                                     
**   65.000                                                                                                     
**  115.000                                                                                                     
**  165.000                                                                                                     
**  215.000                                                                                                     
** Comparison of WinProp (W) and STARS K-value (S) phase split calculations 
** A = Aqueous, L = Liquid, V = Vapor 
**               Pressure,    kPa 
** T, deg C    1.0132E+02    1.6013E+03    3.1013E+03    4.6013E+03    6.1013E+03    7.6013E+03    9.1013E+03    1.0601E+04 
**   15.000   <W: LV,S: LV> <W: LV,S: LV> <W: L ,S: L > <W: L ,S: L > <W: L ,S: L > <W: L ,S: L > <W: L ,S: L > <W: L ,S: L > 
**   65.000   <W: LV,S: LV> <W: LV,S: LV> <W: LV,S: LV> <W: L ,S: L > <W: L ,S: L > <W: L ,S: L > <W: L ,S: L > <W: L ,S: L > 
**  115.000   <W: LV,S: LV> <W: LV,S: LV> <W: LV,S: LV> <W: LV,S: LV> <W: L ,S: L > <W: L ,S: L > <W: L ,S: L > <W: L ,S: L > 
**  165.000   <W: LV,S: LV> <W: LV,S: LV> <W: LV,S: LV> <W: LV,S: LV> <W: LV,S: LV> <W: L ,S: L > <W: L ,S: L > <W: L ,S: L > 
**  215.000   <W: LV,S: LV> <W: LV,S: LV> <W: LV,S: LV> <W: LV,S: LV> <W: LV,S: LV> <W: LV,S: LV> <W: L ,S: L > <W: L ,S: L > 
**$ Gas-liquid K Value tables  
KVTABLE 'Fraction' 
**$                                                                                                         
     6.7645e-011  2.8485e-011  1.0725e-010  6.0695e-010  4.5904e-009  4.5267e-008  5.3685e-007  5.9222e-006 
     3.9778e-008  8.8056e-009  1.5611e-008  3.6087e-008  9.2879e-008  2.5088e-007  6.8651e-007  1.8522e-006 
     3.7373e-006  5.7462e-007  6.9211e-007  1.0648e-006  1.7947e-006  3.1462e-006  5.5936e-006  9.9359e-006 
      0.00010752  1.3428e-005  1.2882e-005  1.5765e-005  2.1156e-005  2.9628e-005   4.233e-005  6.0941e-005 
       0.0013792    0.0001546   0.00012857   0.00013652   0.00015938   0.00019493   0.00024435    0.0003103 
** reference pressure,     corresponding to the density 
PRSR 7780 
** reference temperature,  corresponding to the density 
TEMR 59.666 
** pressure at surface,    for reporting well rates, etc. 
PSURF 101.325 
** temperature at surface, for reporting well rates, etc. 
TSURF 15.556 
**$ Surface conditions 
SURFLASH KVALUE 
K_SURF 'CO2' 34.643 
K_SURF 'C3H8' 13.881 
K_SURF 'N2 toNC4' 123.81 
K_SURF 'IC5toC8' 0.011907 
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K_SURF 'C9 toC11' 6.1613e-006 
K_SURF 'Fraction' 7.3623e-011 
MASSDEN 
0 872.52 547.722 561.196 622.861 401.377 1093.19  
CP 
0 5.066e-006 3.171e-006 5.184e-006 1.408e-006 8.317e-007 4.279e-007  
CT1 
0 0.001087 0.0002985 0.001019 -2.879e-005 -3.673e-005 2.322e-005  
CT2 
0 4.826e-006 4.046e-006 4.813e-006 2.572e-006 1.352e-006 6.511e-007  
CPT 
0 3.469e-006 3.189e-007 9.647e-008 2.832e-009 1.767e-011 -2.789e-011  
AVG 
0 0 0.08 0 0 0 0 0.08  
BVG 
0 0 0 0 0 0 0 0  
** T, deg C        'WATER'       'CO2'      'C3H8'  'N2 toNC4'   'IC5toC8'  'C9 toC11'  'Fraction' 
**               --------    --------    --------    --------    --------    --------    -------- 
**$      temp                                                                                
**$      temp                                                                                
**$      temp                                                                                
**$      temp                                                                                
**$      temp                                                                                
**$      temp                                                                                
**$      temp                                                                                
VISCTABLE 
  *ATPRES 101.325 
**$      temp                                                                                
           15         0  1.9602e+007  6.7558e+006  2.5282e+007    218.04     452.4    638640 
           24         0  5.5852e+006  2.0715e+006  7.0891e+006    128.48     246.3    205350 
           33         0  1.8097e+006       716700  2.2644e+006    79.767    142.67     74196 
           42         0       658960       276820       814350    51.804    87.196     29673 
           51         0       266960       118270       326400    34.978    55.824     12967 
           60         0      0.01661        55452       144550    24.424    37.203    6122.8 
  *ATPRES 1515.42 
**$      temp                                                                        
           15         0     229880    49.122    190940     292.2    613.59    857860 
           24         0     116770    28.711    101820    168.78    327.85    270480 
           33         0      60845    17.552     55099    103.03    186.96     96128 
           42         0      32714    11.145     30516    66.006    112.86     37938 
           51         0      26883     11617     26726    36.932    59.947     13744 
           60         0  0.0167471      0.01     15051    26.003    40.331    6546.8 
  *ATPRES 2929.52 
**$      temp                                                                        
           15         0      25034    52.366     15827    309.85    658.25    911710 
           24         0      13336    30.824    8944.5    179.85    353.83    288950 
           33         0       8906    18.944    6427.9    110.03    202.46    102950 
           42         0     5901.1    12.103    4517.2    70.617    122.58     40721 
           51         0     3919.1    7.9862    3146.2    47.265    77.979     17655 
           60         0  0.0169866    5.4076    2191.9    32.826    51.808    8298.6 
  *ATPRES 4343.61 
**$      temp                                                                        
           15         0      25978    54.241     16557    319.63    686.67    942490 
           24         0      11527    32.067    7609.3    186.01    370.48    299570 
           33         0     5569.7    19.851    3795.1    114.34    213.23    107280 
           42         0       2899    12.784    2032.6    73.721    129.84     42642 
           51         0     1610.5    8.5145    1158.8    49.555    83.044     18574 
           60         0  0.0174071      0.01    697.99    34.555    55.457    8769.6 
  *ATPRES 5757.71 
**$      temp                                                                             
           15         0       43.953    58.037     16195    340.94    740.39  1.0074e+006 
           24         0        11949    33.233    7948.8    191.92    386.78       309790 
           33         0       5768.7    20.622    3960.6    118.03    222.95       111020 
           42         0       2999.5     13.32    2118.8    76.118    135.94        44156 
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           51         0       1664.5    8.9052    1206.3    51.173    87.046        19242 
           60         0  0.018051586      0.01    725.56    35.683    58.187       9088.2 
  *ATPRES 7171.81 
**$      temp                                                                            
           15         0      46.458     59.95     16914    351.38    771.03  1.0402e+006 
           24         0      25.546    35.507      7801    204.37    416.57       330590 
           33         0      5972.5    21.379    4130.3    121.77    232.86       114810 
           42         0      3102.6    13.842    2207.1     78.55    142.16        45689 
           51         0      1719.8    9.2814      1255    52.816    91.129        19919 
           60         0  0.01908868      0.01    753.84    36.827    60.973       9410.7 
  *ATPRES 8585.9 
**$      temp                                                                           
           15         0     48.724    61.853     17650    361.98    802.25  1.0735e+006 
           24         0     27.356    36.683      8135    210.63    434.03       341410 
           33         0     6180.5    22.124    4303.9    125.56    242.95       118650 
           42         0     3207.8    14.352    2297.4    81.015    148.49        47239 
           51         0     1776.4    9.6461    1304.8    54.479    95.283        20602 
           60         0  0.0208335      0.01    782.77    37.987    63.807       9736.1 
  *ATPRES 10000 
**$      temp                                                                          
           15         0     50.84    63.748     18402    372.71       834  1.1073e+006 
           24         0    28.903     37.85      8476    216.98    451.79       352360 
           33         0    6392.7    22.859      4481    129.39     253.2       122520 
           42         0    3315.2    14.852    2389.5    83.507    154.91        48802 
           51         0    1834.2    10.001    1355.7     56.16    99.497        21291 
           60         0   0.02374      0.01    812.28    39.158     66.68        10064 
 
** The following is the complete WinProp fluid model description. 
WINPROP *TITLE1     'M. Al-Hadhrami' 
WINPROP *TITLE2     'VAPEX' 
WINPROP *TITLE3     ' ' 
WINPROP *INUNIT *SI 
WINPROP *MODEL   *PR   *1978 
WINPROP *NC        6      6 
WINPROP *PVC3  1.3560635E+00 
WINPROP *COMPNAME 
WINPROP 'CO2     ' 'C3H8    ' 'N2 toNC4' 'IC5toC8 ' 'C9 toC11' 
WINPROP 'Fraction' 
WINPROP *HCFLAG 
WINPROP   3  1  1  1  1  1 
WINPROP *SG 
WINPROP   8.1800000E-01  5.0700000E-01  4.3415829E-01  6.8302353E-01  7.8229518E-01 
WINPROP   1.0400000E+00 
WINPROP *TB 
WINPROP  -7.8450000E+01 -4.2050000E+01 -3.7514297E+01  7.1768320E+01  1.6738841E+02 
WINPROP   6.2899094E+02 
WINPROP *PCRIT 
WINPROP   7.2800000E+01  4.1900000E+01  5.4064000E+01  3.4913000E+01  1.5068000E+01 
WINPROP   1.4378112E+01 
WINPROP *VCRIT 
WINPROP   9.4000000E-02  2.0300000E-01  1.4669705E-01  3.4595100E-01  5.2383500E-01 
WINPROP   2.1491083E+00 
WINPROP *TCRIT 
WINPROP   3.0420000E+02  3.6980000E+02  2.4997220E+02  6.3024000E+02  7.4200000E+02 
WINPROP   9.5001480E+02 
WINPROP *AC 
WINPROP   2.2500000E-01  1.5200000E-01  1.3286000E-01  3.5819000E-01  6.2339000E-01 
WINPROP   6.8793000E-01 
WINPROP *MW 
WINPROP   4.4010000E+01  4.4097000E+01  3.0656218E+01  8.5309165E+01  1.3461667E+02 
WINPROP   4.8500000E+02 
WINPROP *BIN 
WINPROP   0.0000000E+00 
WINPROP   0.0000000E+00 
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WINPROP   0.0000000E+00 
WINPROP   0.0000000E+00 
WINPROP   0.0000000E+00 
WINPROP *VSHIFT 
WINPROP   0.0000000E+00  0.0000000E+00  0.0000000E+00 -5.6702474E-03  1.6952306E-02 
WINPROP   0.0000000E+00 
WINPROP *ZRA 
WINPROP   2.7360000E-01  2.7630000E-01  2.8242914E-01  2.6079468E-01  1.8478911E-01 
WINPROP   2.7539095E-01 
WINPROP *VISVC 
WINPROP   9.4000000E-02  2.0300000E-01  1.5161117E-01  3.4687263E-01  5.2434103E-01 
WINPROP   2.1491083E+00 
WINPROP *VISCOR *MODPEDERSEN 
WINPROP *VISCOEFF 
WINPROP   1.0432000E-04  2.6947228E+00  8.8536000E-03  1.2413047E+00  5.2430653E-01 
WINPROP *OMEGA 
WINPROP   4.5723553E-01  4.5723553E-01  4.5723553E-01  4.5723553E-01  4.5723553E-01 
WINPROP   4.5723553E-01 
WINPROP *OMEGB 
WINPROP   7.7796074E-02  7.7796074E-02  7.7796074E-02  7.7796074E-02  7.7796074E-02 
WINPROP   7.7796074E-02 
WINPROP *PCHOR 
WINPROP   7.8000000E+01  1.5030000E+02  1.1229926E+02  2.5546036E+02  3.8332244E+02 
WINPROP   1.0515312E+03 
WINPROP *ENTHALPY 
WINPROP   4.7780500E+00  1.1443300E-01  1.0113200E-04 -2.6494000E-08  3.4706000E-12 -1.3140000E-16 
WINPROP  -1.2230100E+00  1.7973300E-01  6.6458000E-05  2.5099800E-07 -1.2474610E-10  1.8935090E-14 
WINPROP   4.1084589E+00  3.5420015E-01 -3.8640740E-05  2.4999570E-07 -1.0147940E-10  1.3601600E-14 
WINPROP   5.7753137E+00  9.0122404E-03  3.6162753E-04 -2.9492920E-09 -2.7677590E-11  5.1377780E-15 
WINPROP   0.0000000E+00 -4.4300001E-02  4.2557745E-04 -6.3941040E-08  0.0000000E+00  0.0000000E+00 
WINPROP   0.0000000E+00 -2.4460049E-02  3.7785204E-04 -5.5894340E-08  0.0000000E+00  0.0000000E+00 
WINPROP *COMPOSITION *PRIMARY 
WINPROP   2.3000000E-03  1.9500000E-02  1.8980000E-01  1.3190000E-01  7.8000000E-02 
WINPROP   5.7850000E-01 
WINPROP *COMPOSITION *SECOND 
WINPROP   3.0000000E-01  7.0000000E-01  0.0000000E+00  0.0000000E+00  0.0000000E+00 
WINPROP   0.0000000E+00 
 
***Zero composition has been found for component:H2S ***The component must be removed 
*** or a non-zero composition must be entered.Some component properties cannot be calculated. 
ROCKFLUID 
RPT 1 WATWET 
**$        Sw          krw        krow         Pcow 
SWT 
0.000 1.000 0.000 
1.000 0.000 1.000 
 
**$        Sl          krg        krog         Pcog 
SLT 
0.130 0.200 0.000 0.126 
0.230 0.154 0  0.268 0.172 
0.330 0.114 0  0.207 0.236 
0.369 0.100 0.003 0.266 
0.408 0.088 0.013 0.301 
0.446 0.075 0.029 0.340 
0.485 0.064 0.051 0.384 
0.524 0.054 0.079 0.434 
0.563 0.045 0.114 0.490 
0.601 0.036 0.155 0.554 
0.640 0.029 0.203 0.625 
0.679 0.022 0.257 0.707 
0.718 0.016 0.317 0.798 
0.795 0.007 0.457 0.042 
0.834 0.004 0.536 0.039 
0.873 0.002 0.622 0.036 
0.911 0.000 0.713 0.024 
0.950 0.000 0.812 0.017 
0.975 0.000 0.879 0.000 
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1.000 0.000 0.948 0.000 
 
**$ Property: Oil Dispersion Coef. I(Fraction) ((m*m)/day)   Max: 6.24e-005  Min: 6.24e-005 
DISPI_OIL 'Fraction' CON    6.24E-005 
**$ Property: Oil Dispersion Coef. J(Fraction) ((m*m)/day)   Max: 6.24e-005  Min: 6.24e-005 
DISPJ_OIL 'Fraction' CON    6.24E-005 
**$ Property: Oil Dispersion Coef. K(Fraction) ((m*m)/day)   Max: 6.24e-005  Min: 6.24e-005 
DISPK_OIL 'Fraction' CON    6.24E-005 
**$ Property: Gas Dispersion Coef. I(C3H8) ((m*m)/day)   Max: 6.24e-005  Min: 6.24e-005 
DISPI_GAS 'C3H8' CON    6.24E-005 
**$ Property: Gas Dispersion Coef. J(C3H8) ((m*m)/day)   Max: 6.24e-005  Min: 6.24e-005 
DISPJ_GAS 'C3H8' CON    6.24E-005 
**$ Property: Gas Dispersion Coef. K(C3H8) ((m*m)/day)   Max: 6.24e-005  Min: 6.24e-005 
DISPK_GAS 'C3H8' CON    6.24E-005 
**=========================================================== 
**INITIAL CONDITIONS   
**=========================================================== 
INITIAL 
VERTICAL DEPTH_AVE 
INITREGION 1 
REFPRES 6387 
REFDEPTH 1119 
**$ Property: Temperature (C)   Max: 60  Min: 60 
TEMP CON           60 
INITREGION 1 
** Initial Composition 
**$ Property: Oil Mole Fraction(glycerol)  Max: 1  Min: 1 
**$ Property: Water Saturation  Max: 0  Min: 0 
SW CON            0 
**$ Property: Oil Saturation  Max: 1  Min: 1 
SO CON            1 
**$ Property: Oil Mole Fraction(C3H8)  Max: 0.0195  Min: 0.0195 
MFRAC_OIL 'C3H8' CON       0.0195 
**$ Property: Oil Mole Fraction(C9 toC11)  Max: 0.078  Min: 0.078 
MFRAC_OIL 'C9 toC11' CON        0.078 
**$ Property: Oil Mole Fraction(CO2)  Max: 0.0023  Min: 0.0023 
MFRAC_OIL 'CO2' CON       0.0023 
**$ Property: Oil Mole Fraction(Fraction)  Max: 0.5785  Min: 0.5785 
MFRAC_OIL 'Fraction' CON       0.5785 
**$ Property: Oil Mole Fraction(IC5toC8)  Max: 0.1319  Min: 0.1319 
MFRAC_OIL 'IC5toC8' CON       0.1319 
**$ Property: Oil Mole Fraction(N2 toNC4)  Max: 0.1898  Min: 0.1898 
MFRAC_OIL 'N2 toNC4' CON       0.1898 
**=========================================================== 
NUMERICAL CONTROL  
**=========================================================== 
*NUMERICAL 
MAXSTEPS 9999999 
TFORM ZT 
ISOTHERMAL 
NORTH 300 
ITERMAX 300 
NCUTS 40 
SMALL-RATES ON 
DW-RES-UPSTREAM ON 
RUN **Centigrade 
**=========================================================== 
  RECURRENT DATA   
**=========================================================== 
DATE 2013 4  1.00000 
DTWELL 0.01 
WELL  'injector'  
INJECTOR MOBWEIGHT IMPLICIT 'injector' 
INCOMP  GAS  0.  0.  0.6  0.  0.  0.  0.  0.4 
TINJW  60. 
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OPERATE  MAX  STG  1000.  CONT 
OPERATE  MAX  BHP  6380.003  CONT 
**$ UBA       ff  Status  Connection   
**$ UBA     ff  Status  Connection   
**$ UBA      ff  Status  Connection   
**$          rad  geofac  wfrac  skin 
GEOMETRY  J  0.2  0.37  1.  0. 
PERF  GEO  'injector' 
**$ UBA              ff  Status  Connection   
    24 1 13 / 5 1 5  1.  OPEN    FLOW-FROM  'SURFACE' 
WELL  'producer'  
PRODUCER 'producer' 
OPERATE  MIN  BHP  6379.99  CONT REPEAT 
**$ UBA     ff  Status  Connection   
**$ UBA      ff  Status  Connection   
**$          rad  geofac  wfrac  skin 
GEOMETRY  J  0.2  0.37  1.  0. 
PERF  GEO  'producer' 
**$ UBA              ff  Status  Connection   
    24 1 25 / 5 1 1  1.  OPEN    FLOW-TO  'SURFACE' 
DATE 2013 4  2.00000 
DATE 2013 5  1.00000 
DATE 2013 6  1.00000 
DATE 2013 7  1.00000 
DATE 2013 8  1.00000 
DATE 2013 9  1.00000 
DATE 2013 10  1.00000 
DATE 2013 11  1.00000 
DATE 2013 12  1.00000 
DATE 2014 1  1.00000 
DATE 2014 2  1.00000 
DATE 2014 3  1.00000 
DATE 2014 4  1.00000 
DATE 2014 5  1.00000 
DATE 2014 6  1.00000 
DATE 2014 7  1.00000 
DATE 2014 8  1.00000 
DATE 2014 9  1.00000 
DATE 2014 10  1.00000 
DATE 2014 11  1.00000 
DATE 2014 12  1.00000 
DATE 2015 1  1.00000 
DATE 2015 2  1.00000 
DATE 2015 3  1.00000 
DATE 2015 4  1.00000 
DATE 2015 5  1.00000 
DATE 2015 6  1.00000 
DATE 2015 7  1.00000 
DATE 2015 8  1.00000 
DATE 2015 9  1.00000 
DATE 2015 10  1.00000 
DATE 2015 11  1.00000 
DATE 2015 12  1.00000 
DATE 2016 1  1.00000 
DATE 2016 2  1.00000 
DATE 2016 3  1.00000 
DATE 2016 4  1.00000 
DATE 2016 5  1.00000 
DATE 2016 6  1.00000 
DATE 2016 7  1.00000 
DATE 2016 8  1.00000 
DATE 2016 9  1.00000 
DATE 2016 10  1.00000 
DATE 2016 11  1.00000 
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DATE 2016 12  1.00000 
DATE 2017 1  1.00000 
DATE 2017 2  1.00000 
DATE 2017 3  1.00000 
DATE 2017 4  1.00000 
DATE 2017 5  1.00000 
DATE 2017 6  1.00000 
DATE 2017 7  1.00000 
DATE 2017 8  1.00000 
DATE 2017 9  1.00000 
DATE 2017 10  1.00000 
DATE 2017 11  1.00000 
DATE 2017 12  1.00000 
DATE 2018 1  1.00000 
DATE 2018 2  1.00000 
DATE 2018 3  1.00000 
DATE 2018 4  1.00000 
DATE 2018 5  1.00000 
DATE 2018 6  1.00000 
DATE 2018 7  1.00000 
DATE 2018 8  1.00000 
DATE 2018 9  1.00000 
DATE 2018 10  1.00000 
DATE 2018 11  1.00000 
DATE 2018 12  1.00000 
DATE 2019 1  1.00000 
DATE 2019 2  1.00000 
DATE 2019 3  1.00000 
DATE 2019 4  1.00000 
DATE 2019 5  1.00000 
DATE 2019 6  1.00000 
DATE 2019 7  1.00000 
DATE 2019 8  1.00000 
DATE 2019 9  1.00000 
DATE 2019 10  1.00000 
DATE 2019 11  1.00000 
DATE 2019 12  1.00000 
DATE 2020 1  1.00000 
DATE 2030 1 1.000 
DATE 2040 1 1.00 
 
STOP 
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